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INTRODUCTION double-stranded nature of DNA. An incision is introduced

The past several years have seen an explosive growth in
our understanding of the molecular strategies employed by
cells in responding to challenges to their genetic material.
For no other organism do we have as complete a picture of
the nature and regulation of the responses to deoxyribonu-
cleic acid (DNA) damage as we currently have for Esche-
richia coli. In this review, I will attempt to provide an
integrated view of these responses and will emphasize
particularly the mechanisms involved in the introduction and
avoidance of mutations as a consequence of chemical dam-
age to the DNA of the cell.

PROCESSING OF DAMAGED DNA

DNA damage presents a very serious challenge to a cell
because of the possibilities that it may give rise to mutations
or lead to cell death. The evidence available to date suggests
that, at least for E. coli, DNA lesions fall into two classes on
the basis of the processing necessary to cause mutations.
The first and smaller class, exemplified by O°-methylgua-
nine, appears to give rise to mutations by simply mispairing
during normal DNA replication (78, 82, 208, 209). In con-
trast, the second and much larger class, which is exemplified
by lesions introduced by agents such as ultraviolet (UV)
radiation, methyl methanesulfonate, 4-nitroquinoline-1-ox-
ide, and aflatoxin B1, seems to require the participation of a
special inducible system to cause mutations (277, 371). I will
use the term ‘“‘SOS processing’’ to refer to this inducible
system that is required for the introduction of mutations as a
consequence of DNA damage; the genetics, molecular biolo-
gy, and possible biochemistry of SOS processing will be
discussed in detail in the latter half of this review.

Cells have evolved a wide variety of conceptually different
strategies to repair damaged DNA accurately (110, 122, 130,
132, 192, 307). The simplest are those which directly reverse
the damage without the need for the synthesis of any new
phosphodiester bonds. The known examples of such proc-
esses are the photoreactivation of UV-induced pyrimidine
dimers by photoreactivating enzyme (337) and the removal
of the methyl group from O°-methylguanine by OS-alkyl-
guanine-DNA transferase (192, 193, 259). Another type of
accurate repair process is excision repair, which takes
advantage of the fact that the information in DNA is present
in two copies as a consequence of the complementary

into the damaged strand at or near the site of the lesion, a
DNA fragment which includes the damage is excised, and
the missing DNA is then resynthesized by using the opposite
strand as a template (122, 132); the initiating incision event
may result directly from the action of a damage-specific
endonuclease such as the UvrABC endonuclease (295) or it
may result from the sequential action of a damage-specific
glycosylase and an apurinic/apyrimidinic (AP) endonuclease
(122, 192). A third class of repair process found in E. coli
termed ‘‘postreplication repair’’ or ‘‘daughter-strand gap
repair’’ involves a recombination interchange of strands and
appears to be a tolerance mechanism for dealing with gaps
generated in daughter strands when advancing replication
forks encounter DNA lesions (131, 132, 289). In principle,
daughter-strand gap repair can occur in an error-free way,
and at least some of the possible pathways for daughter-
strand gap repair do not seem to result in the introduction of
mutations.

The mutational consequences of DNA damage depend
strongly on the nature and timing of the processing that the
damaged DNA template undergoes. In recent years it has
become clear that E. coli has at least three different regula-
tory networks of genes whose expression is induced in
response to treatments with DNA-damaging agents. The
products of these induced genes have various roles in
accurate DNA repair, in SOS processing, and in other
functions not necessarily related to DNA repair and muta-
genesis. Since the fate of a particular DNA lesion is depen-
dent on which regulatory networks have been induced and to
what extent, it is easiest to open this discussion of mutagene-
sis by a consideration of the regulatory networks that are
induced by DNA damage.

SOS REGULATORY NETWORK

Exposure of E. coli to agents or conditions that either
damage DNA or interfere with DNA replication results in
the increased expression of genes that are members of the
SOS regulatory network. This was the first regulatory net-
work induced by DNA damage to be recognized, and to date
it is the only one whose regulation is understood in some
detail at the molecular level. It is also a network whose
expression profoundly affects the mutagenic consequences
of a variety of different DNA-damaging treatments.



62 WALKER

The existence of the SOS system was first hypothesized to
account for the fact that a variety of diverse physiological
phenomena that appear after DNA damage seemed to be
under the coordinate control of two genes termed recA and
lexA. This hypothesis was first clearly articulated by Defais
et al. (70) and was later discussed in more detail by Radman
(276, 277). The physiology of the SOS responses and the
earlier work on the genetics of recA and lexA were reviewed
in this journal by Evelyn Witkin (371) in an important and
comprehensive article which served to focus much of the
thinking in this area.

The elucidation of the regulatory mechanisms of the SOS
network at the molecular level was aided greatly by the
cloning of the two regulatory genes, recA and lexA, and by
biochemical characterization of their gene products. The
identification of genes that are members of the regulatory
network was made possible by the use of genetic and in vitro
operon fusion technology, which allowed studies of regula-
tion to be uncoupled from studies of function. Aspects of
these more recent advances in our understanding of the
regulation of the SOS system have been reviewed compre-
hensively by Little and Mount (202) as well as by Kenyon
(169), Gottesman (117), Echols (87), and Witkin (372).

Present Model for SOS Regulation

The basic regulatory mechanism of the SOS system is now
understood at a molecular level and is diagrammed schemati-
cally in Fig. 1. In an uninduced cell, the product of the lexA
gene acts as a repressor for a considerable number of
unlinked genes, including the recA and lexA genes, by
binding to similar operator sequences in front of each gene.
Some loci, such as recA, have a single operator site which
binds lexA, whereas others, such as lexA and umuDC, have
two such operator sites. Many of these SOS genes, including
the recA and lexA genes, are expressed at significant levels
even in the repressed state. The amount of RecA protein
present is evidently sufficient for the role(s) of RecA in
homologous recombination (160, 291).

When a cell’s DNA is damaged or its DNA replication is
inhibited, an inducing signal is generated. The inducing
signal reversibly activates a specific protease activity of
RecA which allows it to cleave the LexA protein as well as a
few other proteins such as the lambda repressor. The
activated RecA protein cleaves the LexA protein at an
—alanine—glycine— peptide bond near the middle of the
protein to yield two proteolytic fragments. As the RecA
protease cleaves LexA molecules, the pools of LexA begin
to decrease so that various SOS genes, including the recA
gene, begin to be expressed at an increased level, and SOS
responses mediated by the products of these genes begin to
be observed. Genes with operators that bind LexA relatively
weakly are the first to turn on fully. If the inducing treatment
was sufficiently strong, more molecules of RecA are activat-
ed and more molecules of LexA are cleaved. As the pools of
LexA decline to very low levels, even genes whose opera-
tors bind LexA tightly are expressed at their maximal level.

As the cell begins to recover from the inducing treatment,
e.g., by DNA repair, the inducing signal is eliminated, and
the RecA molecules return to their proteolytically inactive
state. In the absence of the RecA protease, the continued
synthesis of LexA molecules now leads to an increase in the
LexA pools. This in turn leads to repression of the SOS
genes and a return to the uninduced state.

The basic elements of this model for SOS regulation seem
to be relatively well established. Nevertheless, it is highly
likely that additional genes will be shown to be members of
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the SOS network and that additional subtleties in the regula-
tion of SOS genes will be discovered. To some extent, the
approaches used in the analysis of the regulation of the SOS
network can serve as paradigms for investigations of other
complex regulatory systems.

SOS Responses

A considerable number of the diverse physiological re-
sponses of E. coli that appear after DNA damage or interfer-
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ence with DNA replication have been classified as SOS
responses, and many of these are summarized in Table 1.
They share the common characteristic of being regulated by
the RecA gene product and directly or indirectly by the
LexA gene product. Of particular interest to this review is
the fact that both UV mutagenesis of bacteriophage such as
lambda (Wiegle mutagenesis) and UV mutagenesis of the
chromosome are inducible functions. As will be discussed
more fully below, these responses require the products of
the umuD and umuC genes, and the umuDC locus is one of
the operons controlled by the SOS regulatory network (3,
92). In addition, several loci on naturally occurring plasmids
have been shown to be controlled by the SOS regulatory
system.

The relationship between the physiology of the SOS
responses and the induction of specific genes is gradually
being established. For some responses, such as filamenta-
tion (146) and Weigle mutagenesis of UV-irradiated bacteri-
ophage (3, 166), at least some of the genes whose products
are required for the response have been identified. In other

MUTAGENESIS AND INDUCIBLE RESPONSES 63

cases, genes whose products have known functions, for
example himA (229, 230) and wvrD (137, 258, 263), are
known to be induced by SOS inducing treatments, yet no
induced physiological responses have been described that
require the functions of those genes. Even less is known
about other SOS-regulated loci such as dinA or dinB in
which neither a biochemical function nor a phenotype has
been associated with the inducible locus (171). For a number
of SOS responses, such as alleviation of restriction, the
induced genes required for the responses have not yet been
identified.

The relationship between a physiological response and a
gene function can be complex. Certain subsets of SOS
responses such as Weigle mutagenesis of UV-irradiated
bacteriophage and UV mutagenesis of the bacterial chromo-
some seem to have similar genetic requirements and thus
may represent different physiological manifestations of the
same induced pathway (166, 333, 371). Other sets of appar-
ently different SOS responses could turn out to be related at
a biochemical level. Studies of the genetic dependence of at

TABLE 1. SOS responses and genes in E. coli

Induced physiological response or gene function Induced genes Reference(s)
E. coli
Prophage induction Prophage genes 32, 136
Weigle reactivation of bacteriophage umuDC, uvrA, B, and C 3, 70, 92, 166, 172, 233, 333,
363
Weigle mutagenesis of bacteriophage umuDC, recA 3, 92, 70, 166, 333, 363
UV mutagenesis of bacterial chromosome umuDC, recA 3, 92, 126, 166, 333, 369
Filamentation (inhibition of cell) sulA (sfid) 56, 146
uvrA* B* C*-dependent repair uvrA, -B, and -C 102, 172, 297, C. A. van Sluis,
personal communication
Long patch repair uvrA, -B, and -C, ? 57, 58
RecF-dependent recombination recN 1, 207, 210
Induction of stable DNA replication ? 174, 186
Alleviation of restriction ? 67, 76, 343
Excision of element el4 ? 40, 121
Cessation of respiration ? 340
Hyper-recombination in uvrD strains ? 206
Inhibition of DNA degradation by exonuclease V recA 270
Induced radioresistance recA 269
Repair of double-strand breaks recA 35,177
Induction of RecA protein (roles of homologous recombination; recA 26, 125, 126, 203, 219
specific protease involved in SOS regulation)
Induction of LexA protein (repressor; roles in SOS regulation) lexA 25, 26, 198, 200
Induction of HimA protein (part of integration host factor; role in himA 229
site specific recombination)
Induction of UvrD protein (helicase II; roles in excision repair uvrD 263, 328
and methyl-directed mismatch repair)
Induction of single-strand DN A-binding protein ssb 22
Induction of ruv locus (unknown role in UV resistance) ruv 327
Induction of dinA locus (function unknown) dinA 170, 171
Induction of dinB locus (function unknown) dinB 170, 171
Induction of dinD locus (function unknown) dinD 170, 171
Induction of dinF locus (in same operon as lexA) dinF 170, 171, 178
Naturally occurring plasmids
Increased susceptibility to UV and chemical mutagenesis, mucAB (pKM101) 93, 265, 354
increased resistance to UV Kkilling, increased Weigle
reactivation
Increased susceptibility to UV mutagenesis and increased imp (TP110) 80
resistance to UV Kkilling
Colicin production Colicin E1 (ColE1) 84, 85, 342

Colicin production
Colicin production

Cloacin production

Colicin E2 (ColE2) 141

Colicin Ib (TP110) P. Strike, personal
communication

Cloacin DF13

(CloDF13) 349
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least one SOS response, Weigle reactivation of UV-irradiat-
ed bacteriophage, have indicated that the physiological
response consists of at least two components, a umuDC*-
dependent component (166, 334) and a uvrA*-dependent
component (172); it is possible that other SOS responses
may turn out to exhibit similar complexity. Particularly
difficult types of responses to study are those in which the
RecA gene product plays more than one role. For example,
as will be discussed below, the RecA protein is involved in
UV and chemical mutagenesis in at least two ways; it
regulates the umuDC locus and also plays a second role
which may be mechanistic. Similarly, the RecA protein
plays two roles in stable DNA replication; one in the
induction of stable DNA replication (174) and a second in the
mechanism of stable replication (186).

Development of the Model for SOS Regulation

Genetic studies of recA and lexA. The initial evidence for
the coordinate expression of the SOS responses grew out of
genetic studies of the two key regulatory genes, recA and
lexA. The first types of mutations identified were recA and
lexA(Ind™), each of which had the effect of preventing the
induction of the set of responses now termed SOS responses
(143, 252, 276, 277, 371). recA mutations were found to be
recessive to recA™, suggesting that the RecA product func-
tioned as a positively acting control element in SOS regula-
tion. In addition to its role in SOS regulation, the RecA
product plays an essential role in homologous recombination
in E. coli (51), and biochemical activities of RecA have been
identified which are probably involved in homologous re-
combination (221, 325, 365); recA mutants are completely
deficient in homologous recombination (51). In contrast,
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lexA(Ind”) mutants were found to be dominant to lexA*
(252), suggesting that the lexA product acted negatively in
SOS regulation (44, 252). Unlike recA mutations, lexA(Ind ")
mutants were recombination proficient, a property which
indicated that a deficiency in SOS induction was not neces-
sarily associated with a deficiency in homologous recombi-
nation.

The phenotypes of mutations located at the recA and lexA
loci were often found to be complex and difficult to interpret,
a fact reflected in the many names that have been used in the
literature to describe alleles of these genes. The properties of
most of these mutations can now be explained relatively
easily in terms of the model described above. Since it will be
necessary to refer to a number of these recA and lexA alleles
later while discussing mutagenesis, Table 2 summarizes the
properties of these mutations.

There are now three classes of lexA alleles which have
been identified, lexA(Ind ) (formerly called lexA™), lexA(Ts)
(formerly called tsI), and lexA(Def) (formerly called spr).
Unlike mutations in the first class, which are dominant and
lead to a defect in the induction of the SOS responses,
mutations in the other two classes are recessive and lead to
constitutive expression of at least some of the SOS respons-
es. (i) lexA(Ind ") mutations (143, 252) alter the LexA protein
in such a way that it is more resistant to proteolytic cleavage
(198). In fact, the widely used lexA3(Ind ) mutation changes
the sequence at the —alanine—glycine— protease cleavage
site (141) to —alanine—aspartate— (215). (ii) lexA(Ts) mu-
tants were originally isolated as UV-resistant temperature-
sensitive revertants of a lexA(Ind™) strain (253). A lexA(Ts)
mutation appears to result in the synthesis of a LexA protein
which has a temperature-sensitive defect in its ability to
function as a repressor for the SOS genes. The thermosensi-

TABLE 2. lexA and recA mutations affecting SOS induction

Alleles” Phenotypes Biochemical change Reference(s)
lexA alleles
lexA(Ind™) Dominant, defective in SOS induction, UV Protease-resistant LexA protein 143, 202, 215, 252
(lexA™) sensitive

lexA(Ts) (ts1) Recessive, expresses SOS responses if shift-

ed to 42°C

lexA(Def) (spr) Recessive, constitutively expresses LexA-

repressed genes

recA alleles

recA(Def) Defective in recombination, SOS induction,
(recA™) and lambda induction; very UV sensitive

recA441(tif-1) At 42°C, expresses SOS functions constitu-
tively and induces lambda prophage

recA730 Similar to recA441 except expresses SOS
function constitutively at 30°C

recA430(lexB30) Recombination proficient

recAo cis-dominant constitutive recA expression

recA453(zab-53)  Deficient in recombination and SOS induc-

tion

Defective LexA protein

Defective in all activities of RecA protein

Protease activity of RecA more easily acti-

Defect in protease activity, does not cleave

Operator constitutive mutation

Promoter-down mutation

Thermosensitive LexA protein, does not 253

function well as repressor at 42°C

178, 249, 262

51,99, 202, 277, 281,
37

44, 219, 250, 268
vated

Protease activity of RecA much more easily 373

activated

93, 116, 242, 281, 284
lambda repression, reduced ability to
cleave LexA

52, 114, 350
42,53

“ The nomenclature follows that of Little and Mount (202). I have used the term recA(Def) to describe recA™ mutations. Names in

parentheses are those used originally.
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tivity of such mutants is due to lethal filamentation caused
by constitutive expression of the LexA-repressed sulA (for-
merly called sfiA) gene (Table 1) and is not observed if the
strains carry a sulA mutation (112). (iii) lexA(Def) mutants
are unable to synthesize LexA molecules which can function
as a repressor of the SOS genes. Missense mutations (249),
amber mutations (262), and TnS-generated insertion muta-
tions (178) of the lexA(Def) type have now been isolated. In
retrospect, it is clear that early genetic studies of the lexA
locus did not yield mutants of the lexA(Def) type since the
constitutive expression of the sulA gene would have been
lethal. It was an awareness of this issue which led Mount
(249) to carry out his successful search for a mutant of the
lexA(Def) type in a sulA background (112), and all subse-
quent work with mutants of this type has been carried out in
a sulA background.

Five classes of recA mutations are described in Table 2,
and a few of them require additional comment. (i) The most
common type, which I will refer to as recA(Def), causes a
defect in both SOS induction and homologous recombination
(51, 276, 371). Missense, amber, insertion, and deletion
mutations of this type have been isolated, so it is clear that
these are the phenotypes caused by recA null mutations (42,
248). Such mutants either produce no RecA protein or
synthesize a defective RecA protein which can neither
catalyze the proteolytic cleavage of LexA nor participate in
reactions thought to be required for homologous recombina-
tion. (ii) Another class of recA mutation, represented by the
intensively studied recA441 allele (formerly called tif-1) (44,
45, 219, 250), leads to constitutive expression of SOS genes
at 42°C; this effect is potentiated by the presence of adenine
and antagonized by the presence of cytidine and guanosine
by mechanisms which are still not understood. Biochemical
studies of the RecA441 protein, which have indicated that its
protease function is more easily activated than that of the
wild-type RecA protein, have led to the suggestion that the
RecA441 protein is able to activate its protease function by
recognizing low amounts of SOS-inducing signal in unin-
duced cells which are not sufficient to activate the normal
RecA protein (220, 268). A related allele, recA730, has
recently been described which seems to resemble the
recA441 allele in many ways except that it causes constitu-
tive expression of SOS responses even at 30°C (373). (iii)
Another class of recA mutation, represented by the recA430
allele (formerly called lexB30), does not cause a major defect
in homologous recombination. It does, however, cause a
defect in the induction of at least some of the SOS responses
while not preventing the induction of at least some SOS
genes (93, 116, 242). Biochemical studies of the RecA430
protein have indicated that it is very defective in cleaving
lambda repressor and partially defective in cleaving LexA
(281, 284), yet it can bind to single-stranded DNA. Thus, it
seems likely that for a given SOS-inducing dose a recA430
mutant is not able to deplete its LexA pools to the same
extent as a recA* cell with the consequence that a less
complete staté of SOS induction is attained.

Deduction of the essential elements of SOS regulation. The
specific functions of the recA and lexA gene products in the
regulation of the SOS system were initially deduced from
studies of two particular SOS responses: (i) lambda induc-
tion and (ii) the induction of an approximately 40,000-dalton
protein termed protein X, which later turned out to be the
RecA protein. These responses were particularly amenable
to study since the consequences of induction could be
measured directly rather than having to be inferred from
more complicated physiological responses.
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The insight that proteolytic cleavage of a repressor could
be involved in SOS regulation first came from studies of
lambda induction by Roberts and Roberts (283). They
showed that treatment of a lambda lysogen with UV or
mitomycin C resulted in the proteolytic cleavage of the
lambda repressor and that this breakdown of the repressor
correlated with the expression of phage genes. Since both
lambda induction and the induced cleavage of the lambda
repressor could be blocked by recA(Def) mutations, it was
suggested that the RecA protein played a role in this process
either by regulating a protease or by being a protease itself.

About the same time, Gudas and Pardee (124, 126, 127)
showed that the induction of the synthesis of protein X by
nalidixic acid could be blocked by lexA(Ind ™) mutations as it
could be by recA(Def) mutations (148). Furthermore, the
synthesis of protein X could be induced by simply shifting a
lexA(Ts) mutant, a recA441 mutant, or a lexA(Ts) recA(Def)
double mutant to an elevated temperature. On the basis of
these observations, they proposed that LexA repressed the
gene coding for protein X and possibly other SOS genes and
that the RecA protein was involved in the inactivation of
LexA. Because of the observations of Roberts arid Roberts
that lambda repressor was proteolytically cleaved at the time
of SOS induction, the possibility was raised that LexA was
also inactivated by proteolytic cleavage. The following year,
McEntee and others (94, 125, 201, 219) demonstrated that
protein X was actually the recA gene product and thus that
RecA played a role in its own induction.

The first lexA(Def) mutant was isolated by Mount (249) by
screening for a derivative of a lexA(Ind ™) recA441 strain that
could not be lysogenized by lambda. Strains carrying this
lexA(Def) mutation also constitutively expressed other SOS
responses including the high-level synthesis of the RecA
protein (125). Of particular importance was the observation
that lexA(Def) recA(Def) double mutants constitutively syn-
thesized high levels of the RecA protein, a genetic observa-
tiori that strongly suggested that LexA functioned as a
repressor of the recA gene and that the RecA protein was
involved in the inactivation of the LexA protein at the time
of SOS induction.

The protease that inactivated the lambda repressor was
isolated by Roberts et al. (285, 286) from a strain carrying a
lexA(Def) mutation, and the protease was then shown to be
the product of the recA gene.

Since the RecA protein itself was capable of expressing a
proteolytic activity and genetic studies suggested that RecA
was involved in the inactivation of LexA, it seemed likely
that the LexA protein was also cleaved by the RecA
protease at the time of SOS induction. This key element of
the control circuit was established when the lexA gene
product was identified as a 24,000-dalton protein by Little
and Harper (200) and by Brent and Ptashne (25) and was
shown to be proteolytically cleaved in vitro by the RecA
protease in a fashion similar to the lambda repressor (141,
198). The purified LexA protein was then biochemically
shown to function as the direct repressor of both the recA
gene and the lexA gene (26, 203).

J. W. Little (personal commiunication) has recently ob-
served that, in the absence of RecA protein, both highly
purified LexA protein and lambda repressor are capable of a
specific type of autodigestion that leads to the cleavage of
the same bond that is cleaved in the presence of RecA.
These results raise the possibility that the RecA protein
plays an indirect stimulatory role, perhaps as an allosteric
effector in the RecA-dependent reaction, rather than acting
directly as a protease. For the purpose of this review I will
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refer to RecA as being a protease; however, the logic of the
control circuit is the same whether RecA is acting directly as
a protease or is stimulating a specific autodigestion of LexA,
lambda repressor, and related proteins.

Identification of genes in the SOS network. The experi-
ments described above demonstrated the manner in which
the RecA and LexA gene products regulate the recA and
lexA genes and control the induction of lambda. However,
they did not indicate how SOS-inducing treatments lead to
the expression of the other SOS responses. The most
obvious possibility was that SOS induction led to the in-
creased expression of a set of genes controlled by RecA and
LexA; a number of studies showing that inhibitors of tran-
scription or translation interfered with the induction of
various SOS resporises tended to support this view. Howev-
er, the discovery of the protease activity of the RecA protein
raised at least one plausible alternative, that the SOS re-
sponses were due to the proteolytic modification of preexist-
ing proteins by RecA; the requirement for protein synthesis
at the time of SOS induction would then just be for RecA
synthesis rather than for the synthesis of other genes.
Analysis of the regulation of these other SOS functions was
complicated by the physiological complexity of many of the
responses.

In an effort to dissociate the physiological comnlexity of
the SOS responses from the issue of their regulation, Ken-
yon and Walker (171) took advantage of the Mu d1(Ap lac)
bacteriophage, a powerful tool constructed by Casadaban
and Cohen (41), which makes it possible to construct operon
fusions in vivo in a single step (179). The bacteriophage
carries the structural genes for the lac operon near one of its
ends, but no promoter for these genes. Mu d1(Ap lac)
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integrates into the E. coli chromosome essentially at ran-
dom; however, B-galactosidase can only be expressed if the
bacteriophage inserts into a chromosomal transcriptional
unit in the correct orientation.

The first question addressed was whether there was a set
of genes whose expression was increased in response to
SOS-inducing treatments. A set of random Mu d1(Ap lac)-
generated fusions in the E. coli chromosome was screened,
searching for fusions which expressed B-galactosidase at
higher levels in the presence of the DNA-damaging agent
mitomycin C than in its absence. By this procedure, a set of
din (damage-inducible) loci were identified whose expres-
sion was increased by a variety of SOS-inducing treatments
(Fig. 2). The induction of these loci was blocked by recA-
(Def) and lexA(Ind ") mutations, indicating that there were in
fact a set of inducible loci in the E. coli chromosome that
were controlled by the recA* lexA™ regulatory circuit. The
screen carried out is a specific example of a general ap-
proach made possible by the Mu d1(Ap lac) phage and other
techniques for conveniently constructing fusions. One is
able to search for genes which are members of a common.
regulatory network without having to know the functions of
the genes in advance.

Further genetic tests of the regulation of these fusions
were consistent with the din genes being repressed by LexA
and with the RecA product being required for the inactiva-
tion of LexA. Particularly important were the observations
that the din-lac fusion strains expressed B-galactosidase
constitutively at a high level whether they carried a lexA-
(Def) mutation or both lexA(Def) and recA(Def) mutations
(170, 172, 362). The result that the din loci were expressed at
high levels in the absence of a functional LexA protein
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FIG. 2. Kinetics of induction of B-galactosidase in din-lac fusion strains (17). The din-lac fusions were generated by the insertion of the Mu
d1(Ap lac) bacteriophage into the E. coli chromosome. The A::Mu d1(Ap lac) derivative was generated by an insertion of Mu d1(Ap lac) into a
lambda prophage in the E. coli chromosome. Symbols: O, untreated fusion strains; @, fusion strains plus mitomycin C; A, lexA(Ind ")
derivatives of the fusion strains plus mitomycin C; W, recA(Def) derivatives of the fusion strains plus mitomycin C; ¥, a pK M280-containing

derivative of the \::Mu d1(Ap lac) strain plus mitomycin C.
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suggested that LexA was acting as a repressor of these loci.
Moreover, the results suggested that the role of RecA
protein in din gene regulation was to inactivate LexA, since
strains which lacked a functional LexA no longer required a
functional RecA protein to express the din genes at high
levels.

One of the din mutants identified in this initial screen was
as sensitive to UV killing as uvr mutants, which are defective
in excision repair, and the Mu d1(Ap lac) insertion in this
strain mapped at the position of uvrA (171). Further charac-
terization indicated that the lac fusion was indeed to the
uvrA gene, and thus that at least one of the SOS-regulated
loci identified by this procedure actually coded for a gene
product (172). The observation that the uvrA gene was
inducible was consistent with a series of in vivo observations
indicating that uvr*-dependent repair processes can be in-
duced in E. coli (57, 58, 319, 320).

Subsequently, the Mu d1(Ap lac) bacteriophage played an
important role in studies by a variety of investigators in
helping to identify genes which are members of the SOS
regulatory network. Rather than being used first to search
for genes on the basis of their regulatory characteristics as in
the experiment described above, the bacteriophage has
instead been used to generate insertion mutations in genes
suspected of being members of the SOS system. Then, after
an insertion of the bacteriophage in the gene of interest has
been obtained, the regulation of the gene has been investigat-
ed by examining expression of B-galactosidase. By this
strategy, a number of genes have been shown to be con-
trolled by the SOS system including: uvrA (172), uvrB (102,
172), sulA (146), umuDC (3), himA (229), uvrD (328; H. M.
Arthur and P. T. Emmerson, personal communication), ruv
(327), recA (42), and recN (207). Genetic analyses of the
regulation of these were again consistent with LexA serving
as the repressor of each of these genes. In addition, in vitro
fusion techniques have been used to study the regulation of
the lexA (25), uvrC (C. A. van Sluis, personal communica-
tion), ssb (22), and umuDC (92, 326) genes as well as the
plasmid-encoded mucAB genes (93).

Besides the use of fusions, examinations of the effects of
LexA on the level of proteins synthesized in maxicells have
also been used to demonstrate LexA control of particular
genes (92, 93, 263). Immunological techniques have been
used to analyze the regulation of the recA (160, 291) and ssb
genes (292). In the case of ssb, fusion techniques and
immunological techniques have led to conflicting results
regarding the iriducibility of ssb. The regulation of transcrip-
tion of SOS genes has also been analyzed by following in
vitro transcription (222; D. W. Mount, personal communica-
tion).

As of the writing of this review, 17 chromosomal genes
(Fig. 3) have been shown to be members of the SOS
regulatory network, and it seems likely that additional ones
will be identified. To put this in some perspective, this
means that on the order of 0.5% of the genes in E. coli are
part of this complex regulatory system.

Biochemical studies of SOS regulation. Genetic analyses of
the regulation of the genes that are members of the SOS
regulatory network have been consistent with LexA being
the direct repressor of each. This genetic prediction has been
confirmed by biochemical approaches for seven of these
genes. Purified LexA protein has been shown to inhibit
transcription in vitro or to bind to the operator sequences of
the recA (26, 203), lexA (26, 203), uvrA (297), uvrB (296),
uvrD (A. M. Easton and S. R. Kushner, personal communi-
cation), dinA (170), and dinB (170) genes of E. coli as well as
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to the operator sequence of the plasmid-encoded clel gene
(85). Comparison of the sequences of the operators identified
in these footprinting experiments revealed that there was
considerable homology among them (202). Several recA
mutants which were classified as operator-constitutive mu-
tants were shown to have a base pair change within the
region containing this homologous sequence (52, 346). Since
then, the promoter/operator regions of a number of SOS
genes have been sequenced, and homologous sequences
have been found in all of them (Table 3). The strength with
which LexA binds to these different operators varies consid-
erably. For example, the K, values for binding to the recA
operator sequence in 2 nM whereas the K, values for binding
to the uvrB, lexA and clel operator sequences are approxi-
mately 20, 20, and 0.04 nM, respectively (26, 86). Physical
aspects of the LexA operator interaction have been investi-
gated, and it appears that the LexA protein binds a region 18
base pairs in length, interacting at least with bases in the
major groove (24).

More detailed biochemical studies of the LexA protein
have suggested that it has strong functional similarities to the
lambda repressor. For example, both molecules are cleaved
at an —alanine—glycine— bond in the middle of the poly-
peptide (141, 215). Furthermore, an evolutionary relation-
ship between these two molecules is suggested by homolo-
gies in their protein and nucleic acid sequences (141, 142,
215, 301). The DNA binding activity of the LexA protein
appears to reside in its amino terminus, since truncated
LexA proteins produced either by recombinant techniques
(24, 142) or by insertion mutations (178) appear capable of at
least partially repressing SOS genes in vivo.

SOS-Inducing Signal

Central role of RecA activation. In vitro studies have
indicated that RecA is the only protein that need be present
for cleavage of the LexA protein to occur (141, 198, 203).
Uninduced E. coli cells contain approximately 800 to 1,200
RecA molecules per cell (160, 291), and consistent with the
in vitro result, a variety of in vivo observations have
suggested that in SOS-induced cells at least some cleavage of

FIG. 3. Chromosomal location of genes which are members of
the SOS regulatory network.
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TABLE 3. LexA binding sites of SOS genes

Gene Sequence Reference(s)
A® G* G
T 1

recA TACTG TATGAGCATA CAGTA |26, 203

uvrA TACTGTATATTCATT CAGGT | 297

uvrB AACTGTTTTTTTATCCAGTA|296

sulA® TACTGTACATCCATACAGTA|56

uvrD ATCTGTATATATACCCAGCT | A. M. Easton and
S. Kushner
(personal com-
munication)

mucAB® [TACTGTATAAATAAACAGTT |B. B. Mitchell,
K. L. Perry,
and G. C.
Walker, unpub-
lished data

clo13® TACTGTGT.ATATATACAGTA|349

himA® TCCTGCA AGATACCCAGGC|H. I. Miller (per-
sonal communi-
cation)

lexA-1 TGCTGTATATACTCACACGA

lexA2  |AACTGTAT ATAC ACC CAGGG |26 142, 203, 227

clel-1 TGCTGTATATAAAACCAGTG 84. 86. 349

clel-2 CAGTGGTTATATGTACAGTA|" " ™

umuDC-1° | AT CTGCTGGCAAGAA CAGAC|B. B. Mitchell,

umuDC-2° | TACTGTATATAAAAACAGTA| S.]J. Elledge,
and G. C.
Walker, unpub-
lished data

Consensus| taCTGTatata- a- aCAGta

2 The arrows indicate base pair changes in the recA operator
which cause operator-constitutive mutations (52, 346).

b These sequences have homology to known LexA binding sites
and are found upstream of genes known to be regulated by LexA.
However, the sequences have not yet been shown to function as
LexA binding sites in in vitro experiments.

LexA and lambda repressor can occur without RecA synthe-
sis taking place (7, 197, 243, 318).

For the proteolytic activity of RecA to be expressed, the
protein must be activated; simply overproducing RecA is not
sufficient to cause the induction of the SOS responses (52,
274, 345). The activation is reversible (43, 197) and is thought
to involve a conformational change of the RecA molecule
(281). In vitro, the activation of RecA occurs when it forms a
ternary complex with single-stranded DN A and a nucleoside
triphosphate (61, 62, 281, 282). It is still unclear exactly what
constitutes the inducing signal in vivo. On the basis of the in
vitro results, however, it seems reasonable that single-
stranded regions of DNA generated by SOS-inducing treat-
ment form at least part of the in vivo signal for SOS
induction.

Agents and treatments which cause SOS induction. A wide
variety of chemical agents have been shown to induce the
SOS responses (3, 273). These agents probably generate
single-strand regions of DNA by introducing lesions which
block or delay replication. Similarly, starving cells for thy-
mine leads to blockage of replication. Roberts and Devoret
(281) have suggested that RecA is activated when it binds to
gaps caused by the replication fork encountering a lesion.
The concentration of activated RecA protein and the overall
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rate of repressor cleavage would depend upon the linear
density of lesions in the DNA which would in turn be a
function of the dose of inducing treatment. Thus, activation
of RecA would occur transiently at each lesion, and the
intensity and duration of the activation would depend on the
number of lesions introduced into the DNA. This model is
consistent with the observations of Little that, after UV
irradiation, there is a 1-min lag before LexA cleavage begins
197).

Indirect induction. This view is also supported by a variety
of indirect induction experiments in which induction of the
SOS system occurs upon the introduction of a UV-damaged
DNA molecule such as F, F’, P1, M13, \, \ derivatives
carrying part of the F replication system, or Hfr DNA (19,
20, 66, 73, 113, 288). An analysis of the efficiency of such
damaged DNAs in inducing the expression of a sulA-lac
fusion suggests that replication of the damaged template is
not required to cause the generation of an SOS-inducing
signal (66). Induction is more efficient, however, if such
replication can occur. Furthermore, the fact that UV-irradi-
ated lambda derivatives carrying a part of the F replication
region are more efficient inducers of the SOS responses than
UV-irradiated lambda itself (66, 244, 281) suggests that some
replication systems may be more efficient at generating an
inducing signal than others.

Role of DNA replication. The observations that SOS func-
tions are induced by temperature shifts in dnaB(Ts) (371),
dnaE(Ts) (312), and dnaE(Ts) polA(Ts) strains (13) are
consistent with the notion that a stalled replication fork
generates an inducing signal. It seems, however, that addi-
tional subtleties are likely to be involved. For example,
blockage of DNA replication by shifting an initiation-defec-
tive dnaA(Ts) mutant to the restrictive temperature does not
induce the SOS responses, yet such cells can be induced by
mitomycin C and UV at the restrictive temperature (43, 199,
312). Similarly, shifting a dnaC(Ts) mutant to the nonpermis-
sive temperature does not induce the SOS responses; how-
ever, such cells cannot be induced by mitomycin C at the
higher temperature (43). It is possible that lesions generated
in the DNA can serve as substitute origins for abortive
dnaC*-dependent initiation in the absence of dnaA. In
addition, shifting a dnaG(Ts) mutant to the restrictive tem-
perature does not induce the SOS network, although such
cells express at least some SOS genes at a high basal level at
the permissive temperature (43). Addition of nalidixic acid, a
DNA gyrase inhibitor, blocks DNA replication, but SOS
induction does not occur unless the cell is recB* recC*,
suggesting that for this agent the generation of an inducing
signal requires the action of ExoV. Finally, SOS induction
can occur as the result of aberrant forms of DNA replication
(40, 281). _

Strains containing a recA441 mutation express SOS func-
tions at 42°C in the absence of any DNA-damaging treat-
ment. The RecA441 protein can be activated in vitro by a
broader spectrum of oligonucleotides and polynucleotides
and binds ATP more tightly than can the wild-type RecA
protein (220, 268). It has been suggested that the RecA441
protein becomes activated by binding to regions of single-
stranded DNA such as those at the replicating fork that are
found in uninduced cells (282). The observation that the
initiation-defective dnaB252 allele suppresses RecA441-me-
diated induction raises the possibility that the RecA protein
might be directly involved in the replication complex in
processes leading to its activation (65).

Involvement of small molecules. Studies with permeabi-
lized cells have shown that $80 can be induced upon the
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addition of specific small oligonucleotides (149, 150); howev-
er, these small oligonucleotides do not activate the RecA
protease sufficiently to cleave lambda repressor in vitro (61,
62, 196, 268). Since the $80 repressor is inferred to be more
sensitive to proteolysis than the lambda repressor (74), this
difference may simply be a result of differing sensitivities of
the two systems. Alternatively, it may be the result of the
participation of additional proteins in the activation process
in the permeabilized cells. For example, the small oligonu-
cleotides might activate a nuclease in the permeabilized cells
which would then generate single-strand DNA. In any case,
it seems somewhat unlikely that short oligonucleotides con-
stitute a major inducing signal in vivo since uvrB recB
mutants are fully and persistently induced by UV in spite of
the fact that they undergo minimal UV-induced DNA degra-
dation (14).

The role of nucleoside triphosphates in the generation of
the in vivo inducing signal is unclear. RecA protein is most
strongly activated in vitro for the cleavage of lambda repres-
sor when the nucleoside triphosphate present is dATP (268).
The observation that the SOS responses can be indirectly
induced by the introduction of UV-irradiated DNAs even
though normal chromosomal replication continues suggests
that large shifts in the nucleoside triphosphate pools are
unlikely to be the primary inducing event (66).

Role of single-strand DNA-binding protein. It is possible
that other proteins besides RecA and LexA may play a role
in the induction of the SOS system, either directly or
indirectly. The most interesting possibility is the single-
strand DNA-binding protein (SSB), the product of the ssb
gene. Strains carrying either the ssb-1 (224) or ssb-113 (225)
mutations have defects in a number of SOS responses
including induction of lambda prophage (348), Weigle reacti-
vation and Weigle mutagenesis (366), UV mutagenesis (189),
increased synthesis of RecA protein (6, 226), and control of
postirradiation DNA degradation (190).

The SSB protein isolated from an ssb-1 strain binds more
weakly to single-stranded DNA than does wild-type SSB,
whereas SSB isolated from an ssb-113 strain competes more
effectively with RecA for binding sites on single-stranded
DNA than does wild-type SSB (55, 366). At least in the case
of ssb-1, it does not seem that the defects in SOS induction
arise from some aberrant property of the mutant protein.
Rather it seems that it is due to a defect in some function of
SSB, since overproduction of the ssb-1 gene restores the
ability to induce the SOS system (47). This result suggests
that SSB plays some positive role in the events leading to the
cleavage of the LexA and lambda repressor proteins.

This conclusion is consistent with the in vitro results of
Resnick and Sussman (279) who have shown that SSB
increases the rate and extent of lambda repressor cleavage
by RecA and that the maximal cleavage rate achievable with
SSB exceeds the maximal rate achievable in its absence. In
addition, higher concentrations of SSB protein from an ssb-
113 mutant interfere with lambda repressor cleavage in vitro,
whereas wild-type SSB protein does not, probably because
the mutant SSB protein competes more effectively than the
wild type for binding to DNA sites necessary for RecA
protein binding and activation (55). These results differ from
those reported previously by Weinstock and McEntee (364),
using somewhat different experimental conditions, who
found that SSB at higher concentrations inhibits repressor
cleavage. The more recent results suggest that SSB plays an
active role in the process of LexA and lambda repressor
cleavage rather than just a passive role of sequestering
excess single-stranded DNA. This view is supported by the
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observation that overproduction of RecA protein in an ssb-1
mutant does not suppress the deficiencies in SOS induction
caused by the ssb-1 mutation (190, 367).

The nature of the putative active role of SSB is not clear.
Electron microscopy studies have shown that SSB acceler-
ates the interaction of RecA protein with single-strand DNA
(101), suggesting that the RecA protein may have increased
affinity for the nucleotides adjacent to SSB. Analyses of the
interaction of SSB, RecA, and single-strand DNA have led
to the suggestion that, in vivo, the active machinery for SOS
induction and for strand assimilation is a quaternary com-
plex of SSB, RecA, single-strand DNA, and a nucleoside
triphosphate (55). The major role of SSB in SOS induction
seems to be to play a role in the activation of RecA, since ssb
mutations do not prevent thermal induction of SOS function
in recA441 mutants (367) or the constitutive expression of
SOS functions in recA730 strains (190).

Fine Tuning in the Induction of the SOS System

Once a cell has been exposed to an SOS-inducing treat-
ment, several factors influence whether a given SOS re-
sponse will be expressed: (i) the amount of inducing signal
that is generated and its persistence—this in turn influences
the amount of RecA protein that is activated and the length
of time that it stays activated, (ii) the rate at which the
repressor of a particular SOS gene is proteolytically cleaved
by activated RecA protein, (iii) the affinity of the repressor
for the operator of a particular SOS gene, and (iv) the degree
of expression of a given SOS gene that is required for its
gene product to have a physiologically manifestable conse-
quence.

Intermediate states of induction. It has become clear that
although the SOS system can exist in two extreme states,
fully repressed and fully induced, it can also exist in any of a
number of other states which are intermediate between these
two extremes. The state of SOS induction that results from a
given SOS-inducing signal is influenced by the fact that the
two key regulatory genes, lexA and recA, are themselves
regulated. Since the recA gene is more strongly repressed by
LexA than a number of other LexA-repressed genes (26,
203), the generation of only a low amount of inducing signal
can lead to the high-level expression of some of the SOS
functions without substantial amplification of the RecA
protein. Larger amounts of inducing signal lead to the
synthesis of increased amounts of RecA protein and thus to
the possibility of even greater amounts of activated RecA if
the inducing signal is not limiting.

Repression of the lexA gene by the LexA protein has three
effects on SOS induction. First, it extends the range, in
terms of inducing signal, over which the system can establish
an intermediate state of induction and thus express only a
subset of the SOS responses. Second, since the affinity of
LexA for its own operator is weak relative to its affinity for
the operator of the recA gene, the system is buffered against
being substantially induced by very small amounts of induc-
ing signal. Third, it speeds the return to the repressed state
once the amount of inducing signal begins to decrease (24—
26, 197, 203).

Since all of the chromosome- and plasmid-encoded SOS
genes identified to date are repressed by LexA, their extent
of induction is dependent on the degree to which the LexA
pool has been decreased in response to a given SOS-inducing
treatment. Those genes that bind LexA most weakly are
fully turned on in response to even weak SOS-inducing
treatments, whereas genes which bind LexA more strongly
are only fully turned on in response to stronger SOS-
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inducing treatments. As mentioned earlier, direct physical
measurements of LexA binding have shown that LexA binds
less strongly to the lexA and uvrB operators than to the recA
operator (24, 26, 203), whereas genetic experiments have
suggested that the uvrA, dinA, and dinB genes bind LexA
less strongly than umuDC and that umuDC binds LexA less
strongly than dinD (178). Thus, it seems that relatively weak
SOS-inducing treatments would lead to increased expression
of the uvr*-dependent excision repair function. However,
other SOS responses, such as the accumulation of large
amounts of RecA and in induction of substantial amounts of
umuDC*-dependent mutagenesis/repair, would not occur
unless the cell received a stronger SOS-inducing treatment.
This feature of the regulatory system allows an E. coli cell to
utilize certain SOS-regulated functions such as excision
repair to recover from DNA damage without committing
itself to a full-fledged SOS response.

Once the pools of LexA are low enough that it no longer
represses a particular SOS gene, its expression could in
principle be influenced by other factors in the induced cell
such as the dependence of the strength of its promoter on
superhelical density, the need for a transcriptional activator,
or some form of attenuation. Furthermore, some of the more
physiologically complex SOS responses may require the
participation of gene products whose expression is not
regulated by the SOS system, and the availability of these
other gene products could influence the course of such SOS
responses.

As a cell approaches the final state of SOS induction
determined by the strength of the inducing signal, the
various SOS genes are turned on fully in an ordered fashion.
However, since the pools of LexA decrease very rapidly
after an inducing treatment (197), the order in which the
genes are turned on is probably of less physiological signifi-
cance than the subset of SOS genes that is ultimately
induced.

Factors influencing the extent of SOS induction. The ability
of the SOS system to be induced to an intermediate state
may account, at least in part, for a variety of observations in
the literature in which particular SOS-inducing treatments
only induced subsets of the SOS responses, phenomena
referred to ‘‘split phenotypes’’ by Witkin in her 1976 review
(371). Furthermore, for many years, the extent of SOS
induction was gauged by monitoring the appearance of a
physiological response rather than the direct expression of
an SOS gene. This method of judging the extent of SOS
induction may have exaggerated the effects taking place at a
transcriptional level since the extent of a physiological
response is not necessarily linearly related to the expression
of the relevant SOS gene. The induction of subsets of the
SOS responses by different inducing treatments or by the
same inducing treatment in different mutants was confusing
for a number of years since it was compatible with models
for SOS regulation in which each gene in the network had its
own individual repressor (371).

Situations in which SOS induction has been directly
shown to proceed only to an intermediate state after a
chemical treatment have been studied by monitoring LexA
cleavage (24, 197) or lambda repressor cleavage (4, 7, 243).

Mutations which perturb the functions of the RecA or
LexA gene products can also contribute to the production of
intermediate states of SOS induction. For example, recA430
mutants do not induce lambda prophage after SOS-inducing
treatments, do degrade their DNA drastically after UV, and
are nonmutable with UV (12, 116, 242). They are, however,
able to induce ¢80 lysogens (74), amplify RecA protein
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somewhat (74), and induce the expression of several SOS
genes (93). Purified RecA430 protein does not cleave lambda
repressor detectably in vitro (284), yet it is capable of
cleaving LexA (281). Thus, the RecA430 protein appears to
be impaired in its ability to cleave LexA proteolytically so
that the same treatment that would lead to a full induction of
the SOS system in a recA* strain only leads to an intermedi-
ate level of induction in a recA430 strain. In another exam-
ple, when a lexA4] mutant is grown at 42°C only a subset of
the SOS responses can be detected physiologically, suggest-
ing that the LexAd41 protein retains some residual repressor
activity at the higher temperature and can still repress those
genes to which it binds most tightly. Even at 30°C lexA41(Ts)
mutants express a somewhat higher-than-normal level of
RecA (42, 126), apparently since the LexA41 protein does
not function as a repressor as well as the wild-type LexA
protein.

The SOS system can also be induced to an intermediate
level by the indirect induction experiments referred to in the
preceding section. For example, the introduction of a UV-
irradiated F factor into a cell leads to the induction of both
Weigle reactivation and lambda prophage, yet the introduc-
tion of UV-irradiated Hfr DNA induces Weigle reactivation
but not lambda prophage (19, 20, 73, 113). Similarly, infec-
tion with UV-irradiated lambda does not lead to lambda
prophage induction, whereas infection with UV-irradiated
bacteriophage P1 (288) or UV-irradiated lambda derivatives
carrying F replication functions (281) does lead to lambda
prophage induction. The experiments of D’ Ari and Huisman
(66) studying the effects of indirect induction on the expres-
sion of a sulA-lac fusion strongly suggest that the introduc-
tion of any piece of UV-irradiated DNA into a cell causes
some induction of the SOS system. However, the extent to
which the system is induced depends strongly on such
factors as whether the irradiated DNA is capable of replica-
tion and the nature of the specific replication system.

Strategies for modulating individual genes within the SOS
network. Although all of the cellular SOS genes identified to
date are similarly regulated in that they are repressed by
LexA, a variety of different strategies are used to fine tune
the expression of individual genes within this large regula-
tory network.

For example, most of the SOS genes have a single binding
site for LexA near their promoters, but the lexA (26, 203),
umuDC (B. B. Mitchell, S. J. Elledge, and G. C. Walker,
unpublished data) and colicin E1 (86) genes appear to have
two adjacent LexA binding sites separated by 5, 4, and —1
base pairs, respectively. In the case of the lexA gene, the
LexA protein has been shown to exhibit weak cooperative
binding to these sites. The colicin E1 gene binds LexA
cooperatively and very tightly. Such cooperativity has the
effect of narrowing the range of LexA concentrations over
which the genes are induced.

At least one of the SOS genes, uvrB (296), has two
promoters, only one of which is regulated by LexA. The
presence of the unregulated promoter leads to a relatively
high basal level of expression of the gene product in the
absence of an SOS-inducing treatment.

At least one of the genes in the SOS network is subject to a
second type of regulation. The himA gene is not only
repressed by LexA but is also autoregulated by its own gene
product. The LexA binding site in front of the himA gene
differs from the consensus sequence and is located immedi-
ately beside a binding site for integration host factor, one
subunit of which is encoded by the himA gene (H. 1. Miller,
personal communication). The suggestion has been made
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that LexA is only able to bind to this partially defective
LexA binding site if an initiation host factor molecule is
bound to the adjacent initiation host factor binding site. As
our knowledge of the SOS system continues to expand,
other genes in the network may be recognized as being
subject to additional forms of regulation.

The repressors of a number of temperate bacteriophage
such as lambda, 434, 21, P22, and ¢80 (281) can be cleaved
by the RecA protease. Prophage induction differs from the
cellular SOS responses in being an irreversible process.
Since the prophage are not repressed by LexA, the state of
SOS induction at which they induce is determined both by
the susceptibility of their repressor to RecA cleavage and by
the affinity of the repressor for the prophage operator. The
susceptibility of these repressors to RecA proteolysis seems
to be $80 > LexA > \ or 434 (74, 281). The susceptibility of
a protein to cleavage by RecA may be determined not only
by its amino acid sequence but also by its multimeric state
since it is apparently the monomer of lambda repressor
rather than the dimer which is cleaved by RecA (267).
Mutants of lambda repressor that increase its susceptibility
to cleavage by RecA allow the induction of lambda prophage
under SOS-inducing conditions that are not normally strong
enough to induce lambda (54, 63). Although all the chromo-
somal and plasmid-coded SOS genes recognized to date are
repressed by the LexA protein, the possibility should be
kept in mind that chromosomally or plasmid-encoded genes
could be identified at some point in the future that are
repressed by some RecA-cleavable protein besides LexA,
i.e., a conceptual analog of one of the prophage repressors.

As mentioned above, other factors besides the removal of
a repressor could influence the expression of particular
genes in cells with damaged DNA. It is possible, for exam-
ple, that the effects of supX (topoisomerase I) or gyrB
(subunit of DNA gyrase) mutations on mutability and DNA
repair (31, 261, 351) could be due to the dependence of the
strength of particular promoters, such as the promoter of the
umuDC locus, on superhelical density.

INDUCTION OF HEAT SHOCK GENES BY DNA-
DAMAGING AGENTS

The response of E. coli to the SOS-inducing agents UV
and nalidixic acid has recently been found to be more
complex than simply the induction of the SOS system. In the
course of characterizing the properties of lexA::Tn5 mu-
tants, Krueger and Walker (Proc. Natl. Acad. Sci. U.S.A.,
in press) observed that a 61,000- and a 73,000-dalton protein
were induced by UV and nalidixic acid even though the cell
contained no LexA protein. At first it seemed possible that
the genes encoding these products might be part of the SOS
system but repressed by a protein that was not LexA but
could be cleaved by the RecA protease (i.e., a conceptual
analog of the lambda repressor). However, further studies
indicated that these proteins could be induced by these
agents even in recA(Def) and lexA(Ind™) strains and thus
that they were not part of the SOS responses. Instead,
analyses of these proteins by two-dimensional gel electro-
phoresis revealed that the 61,000- and 73,000-dalton proteins
comigrated with the two heat shock proteins, GroEL and
DnaK, respectively, and that the other heat shock proteins
were also induced by UV and nalidixic acid. Furthermore,
the induction of groEL and dnaK by UV and nalidixic acid
was found to be controlled by the hspR gene product
(Krueger and Walker, Proc. Natl. Acad. Sci. U.S.A., in
press), a positively acting element required for expression of
the heat shock genes (255, 256, 374). These results indicate
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that E. coli not only responds to UV and nalidixic acid by
turning on the SOS system but also by inducing a second
independent regulatory system, the heat shock response.

The physiological significance, if any, of the induction of
the heat shock proteins by these agents is still unknown as is
the nature of the inducing signal for this system. However, I
will speculate that htpR-controlled gene products may play a
role in the degradation of certain SOS-induced proteins that
would be deleterious to the cell if they persisted after the
completion of the SOS response. This speculation is drawn
from a series of observations concerning interactions of the
sulA, lon, and htpR genes and gene products. The sulA gene
product appears to function as an inducible inhibitor of
filamentation (112, 146). Cells containing a lon mutation
exhibit extensive sulA*-dependent filamentation after UV
irradiation (112, 118); the lon gene product seems to regulate
the amount of filamentation by affecting the rate of degrada-
tion of the sulA gene product (234). Since the Lon protein is
an adenosine triphosphate-dependent protease (46, 49), it
may carry out some or all of this degradation itself, although
the results to date do not rule out an indirect role of the Lon
protein in this degradation. Another protein that is degraded
more slowly in lon mutants than in wild-type cells is a mutant
sigma subunit of RNA polymerase (123). This mutant sigma
subunit is degraded even more slowly in an AzpR mutant than
in a lon mutant (C. A. Gross, personal communication),
suggesting that directly or indirectly AtpR may play a role in
controlling the activity of the Lon protease and probably at
least one other protease. Taken together, these observations
suggest the possibility that certain proteases, including the
Lon protease, are induced or activated by treatments that
induce the heat shock response and that one of their possible
roles is to speed the turnover of certain otherwise deleteri-
ous SOS-induced proteins, such as SulA, which may have
been induced by the same treatment. Consistent with this
postulated role for hzpR-controlled proteases are the obser-
vations that higher doses of UV are needed to induce the
heat shock system than the SOS system and that induction of
the heat shock proteins after UV proceeds more slowly than
the induction of SOS proteins (Krueger and Walker, in
press).

ADAPTIVE RESPONSE TO METHYLATING AND
ETHYLATING AGENTS

Besides the SOS and the heat shock networks, one other
independent regulatory network in E. coli is known to be
induced in response to agents that damage DNA. The
existence of this network was first discovered by Samson
and Cairns (293) in the course of a study on the effects of
continuous exposure of E. coli to low concentrations of
mutagens. It was observed that if E. coli was first exposed to
low concentrations of methylating or ethylating agents, such
as N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) or ethyl
methanesulfonate, it became resistant to the mutagenic and
lethal effects of higher doses of these agents. De novo
protein synthesis was required, and these physiological
responses to methylating and ethylating agents were collec-
tively termed the adaptive response (152). The induced
resistance to killing by MNNG was shown genetically to be
dependent on polymerase I function, but the induced resist-
ance to MNNG mutagenesis was shown not to be pold™-
dependent (153, 159).

The adaptive response was shown to be separate from the
SOS response since it was not induced by SOS-inducing
agents such as UV or 4-nitro-quinoline-1 oxide and could be
induced in recA(Def) and lexA(Ind ™) mutants (152). It was,
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however, blocked by mutations mapping at a locus termed
ada (151); mutations termed adc which cause the constitu-
tive expression of the adaptive response (317) have also been
mapped to the ada locus (314). I will refer to the genes
induced by methylating and ethylating agents and regulated
by the ada locus as being members of the adaptive regula-
tory network.

Biochemistry of the Adaptive Response

To date, two enzymes have been described that are
induced as part of the adaptive response and act on DNA
damaged by methylating or ethylating agents (192). One, the
O%-alkylguanine-DNA alkyltransferase, seems to play a role
primarily in preventing mutagenesis by these agents by
removing the potentially mutagenic lesion O%-alkylguanine.
The other, 3-methyladenine-DNA glycosylase II, plays a
role in preventing cell killing by these agents and in removing
some class of premutagenic lesion other than O%-alkylguan-
ine. Other enzymes that are induced as part of the adaptive
response may well be identified in the future.

0°-Alkylguanine-DNA alkﬁyltransferase. As mentioned
above, the production of O°-alkylguanine lesions poses a
particularly grave mutagenic threat to a cell since such
lesions can give rise to mutations by mispairing during
replication; the participation of the SOS processing system is
not required (78, 82, 176, 208). One of the proteins induced
as part of the adaptive response specifically removes this
type of lesion. When challenged with a methylating agent
such as MNNG, E. coli cells induced for the adaptive
response accumulate less O°-methylguanine in their DNA
than unadapted cells (38, 39, 310). The development of an in
vitro assay for the removal of O%-methylguanine residues by
extracts of adapted cells (103, 156) allowed the demonstra-
tion that the repair of an O%-methylguanine residue in DNA
was accomplished by the transfer of the methyl group from
the O%-position of guanine to the cysteine residue of a
protein (103, 259). The protein that catalyzes the transfer of
the alkyl group from O°methylguanine or O%-ethylguanine
residues has been purified and has been shown also to be the
protein to which the alkyl group is transferred (72, 193, 316).
Consistent with the suggestions from in vivo studies (287),
each protein molecule can only act once to remove an alkyl
group from an O%-alkylguanine residue. The semantic issue
of whether to call this activity an enzyme has been addressed
in some detail elsewhere (192, 193). In this review, I will
refer to this activity as an O®-alkylguanine-DNA alkyltrans-
ferase.

O°-Alkylguanine-DNA alkyltransferase is present in un-
adapted E. coli at a level of approximately 20 to 60 molecules
per cell and is present at approximately 100- to 200-fold
higher levels in adapted cells or in cells that carry an adc
mutation (194, 232). The gene coding for this protein has not
yet been identified; however, it does not seem to be the
product of the ada locus. Strains carrying ada mutations
have the same levels of this activity as unadapted wild-type
cells. Furthermore, the 18,000-dalton monomer molecular
weight of this protein (72) does not correspond to the
molecular weights of either of the ada gene products de-
scribed below.

3-Methyladenine-DNA glycosylase II. The second enzymat-
ic activity reported to be induced as part of the adaptive
response is 3-methyladenine-DNA glycosylase II (96, 155).
This enzyme has a broad in vitro substrate specificity and, in
addition to 3-methyladenine, is able to release 3-methylguan-
ine, 7-methylguanine, and 7-methyladenine from methylated
DNA (155). 3-Methyladenine-DNA glycosylase II is the
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product of the alkA gene (96, 162, 375, 376). E. coli has a
second enzyme, 3-methyladenine-DNA glycosylase I, the
product of the tag gene, which is only able to release 3-
methyladenine (96, 157, 191, 280). The tag gene product
accounts for 90 to 95% of the 3-methyladenine-DNA glyco-
sylase activity in uninduced cells but, unlike the alkA gene
product, is not induced as part of the adaptive response (96,
155). 3-Methyladenine-DNA glycosylase II is induced ap-
proximately 20-fold during the adaptive response (192). The
function of the glycosylases is to initiate excision repair of
these methylated bases. The excision repair process requires
polymerase I and appears to play a major role in helping cells
overcome the lethal effects of exposure to methylating or
ethylating agents (10, 153, 376).

Regulation of the Adaptive Network

The regulation of the adaptive network has not yet been
studied in as great detail as the SOS network; however,
progress is beginning to be made. The ada locus appears to
code for a positively acting regulatory element(s), since an
insertion of a transposon in the ada locus to generate an
ada(Def) mutation results in loss of the ability to induce the
adaptive response (P. K. LeMotte and G. C. Walker, un-
published data). The ada locus has been cloned and seems to
consist of an operon coding for two proteins with molecular
weights of 38,000 and 28,000 (315; P. K. LeMotte and G. C.
Walker, unpublished data). By constructing an ada-lac fu-
sion and by using other techniques, it has been possible to
show that the ada gene(s) is itself strongly induced in an
ada”-dependent fashion when cells are exposed to a methyl-
ating agent such as MNNG (P. K. LeMotte and G. C.
Walker, unpublished results). Furthermore, the presence of
the ada gene(s) on a high-copy-number plasmid leads to
elevated expression of O°-alkylguanine-DNA transferase
and 3-methyladenine-DNA glycosylase II in the absence of
an inducing treatment (315). It thus seems likely that alkylat-
ing agents generate an inducing signal that leads to the
induction of the ada gene(s) and that it is the higher levels of
the ada gene(s) that in turn cause the induction of the two
repair enzymes.

The nature of the inducing signal for the adaptive response
is still unknown. However, considering the specificity of the
induction, it seems possible that O%-alkylguanine adducts
may figure in the production of the inducing signal. One
obvious possibility is that the alkylated form of the alkyl-
transferase plays a role in the induction of the ada genes. At
present, the genes known to be members of the adaptive
network are the two ada genes themselves, alkA, and the as
yet unidentified gene coding for the OS-alkylguanine-DNA
alkyltransferase. As the system is studied in more detail, it
seems likely that additional genes will be identified as being
members of this regulatory network. Recently, the Mu d1-
(Ap lac) bacteriophage has been used to identify another
locus that is induced by methylating agents and is regulated
by ada (M. R. Volkert, personal communication).

Effect of the Adaptive Response on Mutagenesis

Although methylating and ethylating agents can act as
mutagens by introducing lesions (such as O°-methylguanine)
that can cause mutation by directly mispairing, they also
introduce lesions that require SOS processing to cause
mutations. The nature and relative abundance of the alkylat-
ed products that result from exposure of DNA to such agents
are influenced by the chemical nature of the individual
alkylating agent, particularly by the relative amount of Sy1
and SN2 character in its alkylating reactions. For example,
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agents such as MNNG or N-methyl-N-nitrosourea produce a
greater proportion of OS-methylguanine adducts than an
agent such as methyl methanesulfonate (9). A minor compo-
nent of MNNG mutagenesis seems to require the participa-
tion of SOS processing (309) whereas, as discussed below,
most of the mutagenesis caused by methylating agents such
as methyl methanesulfonate seems to require SOS process-
ing.

The effect of the O%-alkylguanine-DNA alkyltransferase
on mutagenesis apparently is simply to repair the mispairin
lesion before it is replicated. The alkyltransferase repairs O°-
alkylguanine residues in single-stranded DNA much more
slowly than in double-stranded DNA, and Lindahl et al.
(193) have speculated that this could account for the tenden-
cy of agents such as MNNG and N-methyl-N-nitrosourea to
cause multiple mutations at the replication points of bacterial
chromosomes. This model is consistent with the observation
of Sklar (330) and Sklar and Strauss (331) that chlorampheni-
col treatment of E. coli, a treatment that prevents the
induction of the adaptive response (293), enhances MNNG-
induced single-site mutations without a proportionate in-
crease in closely linked multiple mutations. )

The polA™*-dependent excision repair process initiated by
3-methyladenine-DNA glycosylasée II removes not only po-
tentially lethal lesions but also premutagenic lesions that
require SOS processing to cause mutations. These infer-
ences are drawn from the observations that alkA mutants,
which lack 3-methyladenine-DNA glycosylase II, have an
increased sensitivity to mutagenesis by methyl methanesul-
fonate and that alkA recA(Def) double mutants are not
mutated by methyl methanesulfonate (376). It is not yet clear
whether these premutagenic lesions are the samé as, or a
subset of, the potentially lethal lesions or whether they are
different.

It is possible that at least one of the functions of the
constitutive levels of the adaptive response fepair enzymes
in an uninduced cell may be to remove lesions introduced by
the endogenous methylating agent, S-adenosylmethionine.
Treatment of DNA with S-adenosylmethionine leads to the
formation of small amounts of 3-methyladenine and 7-meth-
ylguanine (8, 254, 290).

Comparison of the SOS, Heat Shock, and Adaptive
Regulatory Systems

Our present knowledge of the responses of E. coli to
agents that damage DNA is summarized in Fig. 4. Three
independent regulatory networks car be induced, €ach with
its own set of regulatory control elements. As discussed
above, a subset of SOS-inducing agents can induce heat
shock geries, although it is not clear that generation of an
inducing signal for heat shock involves any type of DNA
damage. Methylating agents, such as MNNG, which induce
the adaptive response can also induce the SOS responses (3,
273); in fact, the same low dose of MNNG which induces the
adaptive respomnse also induces the SOS responses (3).
However, as discussed above, the in vivo inducing signals
for the SOS and adaptive systems are likely to be quite
different. In addition, recent work by Demple and Halbrook
(71) has raised the possibility that there may be a fourth
regulatory system induced by oxidizing agents and con-
cerned with the repair of oxidative DNA damage.

It is interesting that each of the three systems has a
positively acting regulatory element, RecA, HtpR, and Ada,
respectively. The SOS system has a negatively acting con-
trol element, LexA; however, it has not yet been definitively
established whether negatively acting control elements are
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involved in the regulation of the heat shock and adaptive
networks. The Ada element apparently differs from RecA
with respect to activation since simply overproducing the
Ada product(s) results in the expression of the adaptive
responses, whereas overproducing RecA itself does not
result in expression of the SOS responses. The RecA and
Ada regulatory elements share two other common proper-
ties: they are both induced strongly by treatments that
induce the systems that they regulate and, in each case, their
own function is required for their own induction. In the
future, it will be extremely interesting to see (i) how the
regulation of these three systems compare at the molecular
level and (ii) the number and identity of the genes that are
members of each regulatory network.

ROLE OF SOS PROCESSING IN MUTAGENESIS

Mutagenesis By UV and Most Chemicals Is Not a Passive
Process

The most fundamental concept that has emerged concern-
ing mutagenesis by UV and many chemicals, for example 4-
nitroquinoline-1-oxide and methyl methanesulfonate, is that
such mutagenesis is not a passive process. Rather, it re-
quires the intervention of a cellular system that processes
damaged DNA in such a way that mutations result. This type
of processing has been most often referred to as error-prone
repair or SOS repair (276, 371), terms proposed on the basis
of a number of observations in E. coli that suggest that the
cellular events involved in producing mutations from dam-
aged DNA are closely associated with events increasing
resistance to killing by chemicals and radiation. However,
despite the fundamental significance of such a cellular proc-
essing system to chemical and radiation mutagenesis, its
biochemical mechanism has not yet been determined nor
have the effects on survival and mutagenesis even been
rigorously shown to result from the same events. In an effort
to avoid implying a particular biochemical mechanism, I will
use the relatively neutral term SOS processing to refer to the
particular processing of damaged DNA that leads to the
introduction of mutations.

The initial evidence suggesting the existence of SOS
processing came from physiological and genetic experiments
which indicated that some system in E. coli had to be
induced for mutations to result as a consequence of DNA
damage. In retrospect, it was the fact that the SOS process-
ing system in E. coli is inducible that first drew attention to
its existence. The concept that organisms take an active role
in mutating their DNA after exposure to UV radiation or
many chemicals is somewhat counterintuitive, and it is
possible that the existence of such a system might not have
been recognized until much later if it had been constitutively
expressed in E. coli. .

Weigle reactivation and Weigle mutagenesis. The physio-
logical experiments that most clearly suggest the existence
of an inducible system required for mutagenesis aré those in
which UV-irradiated bacteriophage infect UV-irradiated
cells. Weigle (363) first noted that preirradiation of E. coli
cells with a low dose of UV greatly increased the survival of
UV-irradiated lambda, a phenomenon later termed Weigle
reactivation (276). Furthermore, and very strikingly, UV
irradiation of the lambda had very little effect on the phage
mutation frequency unless the cells had been preirradiated
with UV before phage infection, in which case high amounts
of phage mutagenesis were observed, a phenomenon later
termed Weigle-mutagenesis. In other words, it seemed as
though the UV-induced lesions in the phage DNA did not
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FIG. 4. Three regulatory networks in E. coli that can be induced by exposure to DNA-damaging agents (Krueger and Walker, in press).

lead to the production of mutations unless the bacterial host
had also been damaged.

Defais et al. (70) later showed that Weigle reactivation and
Weigle mutagenesis responses were not observed if the E.
coli cells carried either recA(Def) or lexA(Ind™) mutations
and proposed that the cellular functions responsible for the
increased phage survival and phage mutagenesis were in-
ducedinarecA™ lexA"-dependent fashion by UV irradiation
of the bacteria (70).

The suggested inducibility of the system was supported by
the observation that the induction of Weigle reactivation and
Weigle mutagenesis was inhibited by the presence of chlor-
amphenicol during the period of time after the UV irradiation
of the cells but before infection with the UV-irradiated
bacteriophage (69). Additional evidence supporting the in-
ducibility- came from experiments with strains carrying the
recA441 mutation. If a recA441 strain was grown under
conditions in which the other SOS responses were constitu-
tively expressed, then Weigle reactivation and Weigle muta-
genesis were observed even though the bacterial DNA had
not been damaged (44). Since some new cellular function(s)
apparently had to be induced for UV-induced lesions in the
phage DNA to lead to mutations, these results implied the
existence of an SOS processing system in E. coli.

The power of the Weigle mutagenesis experiments result-
ed from the fact that they created a situation whereby the
existence of SOS processing could be deduced because of its
absence in an uninduced cell. Evidently, the basal level of
expression of the SOS processing system is quite low in an
uninduced cell and, fortuitously, infection with the damaged
lambda DNA does not cause a sufficient degree of induction
of the SOS system for the SOS processing response to be
expressed. Thus, in these Weigle mutagenesis experiments,
an uninduced cell is acting in some senses as though it were a
mutant defective in the SOS processing system.

Bacterial mutagenesis. A number of experiments suggested
that the requirement for processing of UV-irradiated DNA to
obtain mutations was not confined to bacteriophage lambda
mutagenesis but also applied to chromosomal mutagenesis,
and these have been reviewed extensively by Witkin (371).
Of particular significance was the observation that UV
mutagenesis of the bacterial chromosome was recA™ lexA™*

dependent (175, 233, 252, 368, 371). Thus, the products of
genes controlling the induction of a variety of physiological
responses, including Weigle reactivation and Weigle muta-
genesis, were also required for mutagens such as UV to
cause mutations in the chromosome. This result again sug-
gested that some cellular processing system had to be
induced for such mutagenesis to occur.

The notion that some cellular system had to be induced for
UV mutagenesis of the bacterial chromosome to occur was
also supported by experiments carried out by Witkin (369,
370) with recA441 mutants. A recA441 strain was irradiated
with a UV dose too low to induce the SOS responses, and
the amount of bacterial mutagenesis was examined. If the
recA441 strain was incubated at 42°C after the UV irradia-
tion, a condition in which the SOS responses are expressed
constitutively, then considerably more mutants were ob-
tained than at 30°C, a condition in which the SOS responses
are not expressed.

Significance of umuD and umuC Mutations

For many years, genetic analysis of the molecular basis of
SOS processing was complicated by the fact that at least
some of the genes that are required for this process are
members of the SOS regulatory network. A number of genes
or particular alleles of genes were shown to affect the
phenomena, such as Weigle mutagenesis, which suggests the
existence of an inducible SOS processing system. Examples
of these include (see Table 2) alleles of recA such as
recA(Def) (371), recA430 (116, 242), recA441 (44, 369, 370),
and recA453 (45); alleles of lexA such as lexA(Ind™) (252),
lexA41 (251), and lexA(Def) (249); and ssb (120). As is
obvious in retrospect, the interpretation of the effects of
these mutations on SOS processing was extremely compli-
cated since all of them affect the regulation of the entire SOS
system as was discussed above. It was not coincidental that
all of the mutations originally studied that affected the ability
of E. coli to be mutated by UV and other agents also affected
SOS regulation since all of these mutations were originally
identified on the basis of some other phenotype, and their
effect on mutagenesis was noted subsequently. Thus, these
studies did not lead to the identification of mutations that
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specifically affected SOS processing, but rather to the isola-
tion of SOS regulatory mutations.

Isolation of umuD and umuC mutations. A major advance
in our understanding of SOS processing occurred when Kato
and Shinoura (166) and, independently, Steinborn (333)
directly screened for mutations that abolished the ability of
E. coli cells to be mutagenized by UV or 4-nitroquinoline-1-
oxide. By screening directly for nonmutability, they were
able to search for mutants that were defective in SOS
processing without necessarily being defective in SOS induc-
tion. Three classes of nonmutable mutants were obtained.
Mutations in the first class were mapped to the recA locus
and were shown to resemble the previously isolated recA430
mutation (116, 166). Mutations in the second class appeared
to be alleles of lexA (166). Most interestingly, however,
mutations in the third class were mapped to a new locus at
about 25 min on the E. coli chromosome which was termed
umuC. The mutations at this locus were later shown to lie in
two adjacent genes, umuD and umuC (92, 361). Mutations in
either the umuD or umuC gene cause the same phenotype.

Strains containing a umuD or umuC mutation are nonmu-
table with a wide variety of agents including UV, 4-nitro-
quinoline-1-oxide (166, 333), methyl methanesulfonate (360),
and neocarcinostatin (90). They can, however, still be mutat-
ed by a few chemical mutagens such as MNNG or ethyl
methanesulfonate that produce directly mispairing lesions
which do not require SOS processing to cause a mutation
(164, 165, 308) and to some extent by the frameshift mutagen
ICR 191 (164). They are somewhat sensitive to UV Kkilling
and are defective in Weigle reactivation and Weigle muta-
genesis of UV-irradiated bacteriophage lambda (166, 334,
360) and of UV-irradiated single-stranded phage (M. Defais,
personal communication; L. Marsh and G. C. Walker, un-
published data). However, umuD and umuC mutants differ
from recA and lexA mutants in that they are still capable of
expressing a variety of SOS responses such as induction of
lambda prophage (166, 334), filamentous growth (166), and
increased synthesis of the RecA protein (360). The simplest
interpretation of umuD and umuC genes based on these
phenotypes is that they code for products that are uniquely
required for SOS processing.

The original umuD and umuC mutations isolated by Kato
and Shinoura (166) and by Steinborn (333) were derived by
MNNG and ethyl methanesulfonate mutagenesis, respec-
tively, so the possibility existed that the nonmutability of the
strains was due to the alteration of some function rather than
by the loss of a function. However, umuC mutants have now
been isolated by insertion mutagenesis (3, 92), suggesting
that the phenotype of these mutants results from the loss of
some cellular function and furthermore that umuC is not an
essential gene.

The insertion mutation in umuC isolated by Bagg et al. (3)
was generated by using the Mu d1(Ap lac) bacteriophage.
Analysis of the regulation of B-galactosidase in umuC-lac
fusion strains indicated that the umuC gene was induced by
SOS-inducing treatments and was regulated by the recA and
lexA gene products. Genetic analysis of its regulation was
consistent with LexA functioning as a repressor of the gene
(3). These observations indicated that at least part of the
inducibility of SOS processing is due to the inducibility of
the umuC gene.

Identification of the umuD and umuC gene products. The
umuDC locus has now been cloned and its transcriptional
organization determined, and the umuD and umuC gene
products have been identified (92, 164, 326, 359, 361). The
umuD gene codes for a 16,000-dalton protein and the umuC
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gene codes for a 45,000-dalton protein. The two genes are
organized in an operon with the umuD gene located up-
stream of the umuC gene. Sequencing studies of the umuDC
locus have revealed that the final A of the UGA stop codon
of the umuD gene is the A of the AUG codon that initiates
the umuC gene (B. B. Mitchell, S. J. Elledge, and G. C.
Walker, unpublished results). A variety of genetic studies
are consistent with the umuDC locus being repressed by the
LexA protein (3, 92, 326, 361). Furthermore, as shown in
Table 2, two regions with homology to known LexA-binding
sequences are located upstream of the umuDC locus.

umuD and umuC Analogs on Naturally Occurring Plasmids

A number of naturally occurring plasmids (2, 48, 236), for
example R46 (83, 247), R205 (212), TP110 (81), and Col I
(144, 145), have the ability to make both E. coli and S.
typhimurium more resistant to Killing by UV and a number of
chemicals and more susceptible to mutagenesis by these
agents. As discussed in more detail below, it has been shown
recently that at least some of these naturally occurring
plasmids carry analogs of the E. coli umuD and umuC genes
(77, 265, 324, 334, 347, 357, 360).

pKM101. A derivative of R46 termed pKM101 has been
particularly intensively studied. pKM101 was isolated from
R46 by Mortelmans and Stocker (247) and apparently arose
by an in vivo deletion of 14 kilobase pairs of DNA which
coded for several drug resistances (34, 184, 185). pKM101 is
approximately 35 kilobase pairs in size and makes cells
somewhat more mutable than does R46 (218), but in other
respects the plasmids seem to have very similar properties.
Because of its ability to enhance the susceptibility of cells to
mutagenesis, pPKM101 was introduced in the Ames S. typhi-
murium (218) strains used for the detection of mutagens and
carcinogens (Fig. 5) and it has played a major role in the
success of the system (216, 217).

E. coli or S. typhimurium cells containing pKM101 or R46
exhibit an increased susceptibility to both base substitution
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FIG. 5. Effect of the plasmid pKM101 on the reversion of the S.
typhimurium strain TA1535 with methyl methanesulfonate.
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and frameshift mutagenesis with a wide variety of agents
(217, 218, 246) as well as an increased resistance to killing by
UV (237). Certain potent carcinogens such as aflatoxin Bl
and furylfuramide are either nonmutagenic or extremely
weakly mutagenic in the absence of pKM101 yet are strongly
mutagenic in its presence (218). In addition, pKM101 in-
creases the survival and mutagenesis of UV-irradiated bacte-
riophage in both unirradiated (354) and irradiated cells (354,
356). The presence of pKM101 in a cell has only a modest
influence on the spontaneous mutation frequency (107, 247,
354).

Relationship of pKM101-mediated process to cellular gene
functions. pPKM101 was shown to increase both susceptibil-
ity to mutagenesis and resistance to killing by UV in uvrA,
uvrB, uvrC, polA, recB recC, and recF strains (119, 246, 247,
353, 354). In contrast, the ability of pKM101 to influence
mutagenesis and repair was shown to be dependent on the
recA* lexA* genotype in E. coli (119, 237, 246, 353, 354).
These observations suggested that pKM101 was interacting
in some way with the cellular SOS system. It did not seem
likely, however, that pKM101 was actmg by causing a
general induction of the SOS system since the synthesis of
recA protein (199, 357) and the stability of lambda lysogens
(119) were unaffected by the presence of pKM101. It thus
seemed that in some way pKM101 was specifically enhanc-
ing the ability of cells to carry out SOS processing.

The key insight into the mode of action of pKM101 and
other mutagenesis-enhancing plasmids stemmed from the
observation that pKM101 and R46 suppress the nonmutabili-
ty of umuD and umuC mutations (Fig. 6) (166, 334, 357, 360).
Recently, several other naturally occurring plasmids have
also been shown to suppress the nonmutability of umuC
mutants (347). Although there were a number of formal
explanations for this result, the simplest was that pKM101
coded for analogs of the umuD and umuC functions of E.
coli.

mucA and mucB genes of pPKM101 are analogs of umuD and
umuC. It was possible to isolate both MNNG (355) and Tn5
insertion mutants (324) of pKM101 which had completely
lost their ability to influence mutagenesis and repair. Map-
ping the TnS5 insertions that caused this phenotype led to the
identification of an approximately 2,000-base-pair-long re-
gion of pKM101 termed muc which was necessary for these
plasmid-mediated effects (184, 324). By subcloning the muc
region (265) and constructing deletion mutants of pKM101
(184), the muc region was also shown to be sufficient to
increase the susceptibility of cells to mutagenesis and their
resistance to killing by UV.

Analysis of the muc locus of pKM101 has revealed that it
consists of two genes, mucA and mucB, and that the
plasmid-encoded mucAB locus is very similar to the chromo-
somally encoded umuDC locus. The mucA gene codes for a
16,000-dalton protein and the mucB gene codes for a 45,000-
dalton protein. The two genes are organized in an operon
with the mucA gene located upstream of the mucB gene.
Sequencing studies have revealed that the reading frames of
the two genes overlap by 10 base pairs (B. B. Mitchell,
K. L. Perry, and G. C. Walker, unpublished data).

A mucB’'-lacZ’ gene fusion was constructed by using in
vitro techniques and was used to show that the mucAB locus
is induced by SOS-inducing treatments and to provide
genetic evidence that the operon is repressed by the LexA
protein (92). A sequence with homology to known LexA-
binding sequences is located upstream of the mucAB operon
(Table 3). The inducibility of the mucAB locus is consistent
with the ability of pKM101 to enhance Weigle reactivation of
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FIG. 6. Suppression of the nonmutability of a umuC mutant of E.
coli by pKM101.

UV-irradiated bacteriophage (354, 356) and with the syner-
gistic interactions that have been observed between pKM101
and the recA441 mutation (50, 79, 354). It has been suggested
that R46, the parent of pPKM101, codes for an element which
negatively regulates the expression of the muc genes (81).

Although the mucA and mucB gene products seem to be
functionally homologous with the umuD and umuC gene
products and the genetic organization of the two loci indi-
cates that they are related, the two loci have apparently
undergone considerable evolutionary divergence. The de-
duced amino acid sequences of the UmuD and MucA
proteins are only approximately 35% homologous (B. B.
Mitchell, K. L. Perry, S.J. Elledge, and G. C. Walker,
unpublished data). The mucB and umuC genes are currently
being sequenced. The degree of difference between the two
loci suggests that they diverged a considerable amount of
time ago. It is possible, however, that the rate of the
evolutionary divergence of the two loci could be accelerated
relative to a pair of loci in Umu™ backgrounds since umuDC
and mucAB code for functions which increase the amount of
mutagenesis resulting from DNA-damaging treatments (S. J.
Elledge, Ph.D. thesis, Massachusetts Institute of Technolo-
gy, Cambridge, 1983).

Distribution of umuDC functions in other bacteria. A num-
ber of bacteria such as Haemophilus influenzae (173, 257),
Proteus mirabilis (140), Methylococcus capsulatus (134),
Methylobacter sp. (27), Deinococcus (formerly Micrococ-
cus) radiodurans (338, 341), and Streptococcus pneumoniae
(111) are nonmutable with UV and in that respect resemble
E. coli umuD and umuC mutants. A variety of observations
have suggested that S. typhimurium LT2 is deficient in
umuDC function relative to E. coli (358, 359). Consistent
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with this hypothesis, the introduction into S. typhimurium
LT2 of pKM101 (358, 359), an E. coli F' plasmid containing
the umuDC locus (329), or a recombinant plasmid containing
the cloned umuDC locus (G. C. Walker and S. J. Elledge,
unpublished data) greatly increases its ability to carry out
Weigle reactivation of UV-irradiated bacteriophage P22 and
its susceptibility to mutagenesis. Similarly, the introduction
of R46, the parent of pKM101, into P. mirabilis (140) has
been shown to result in the bacterium becoming mutable by
UV, suggesting that P. mirabilis is normally nonmutable
because it lacks umuDC function. Whether other bacteria
are UV nonmutable for the same reason remains to be
determined. It is interesting, however, that an analog of
umuDC is found on a relatively broad host range plasmid,
and that the mucAB locus of pKM101 is surrounded by
inverted repeats (184), suggesting that it might be, or might
once have been, part of a transposable element.

The two strains in the Ames test that are in general the
most sensitive and that detect the largest number of com-
pounds are the pKM101-containing S. typhimurium strains
TA100 and TA98 (216-218). Since S. typhimurium LT2
seems to be deficient in umuDC function and since pKM101
provides functions analogous to umuDC, it seems likely that
any compound that is more mutagenic in strain TA100 or
TAO98 than in the corresponding strains lacking the plasmids
(TA1535 and TA1538, respectively) is dependent on umuDC
function, in whole or in part, for its mutagenic effect. In
other words, any such compound requires SOS processing
to be mutagenic.

A Second Requirement for the RecA Protein in Mutagenesis

It is now clear that the RecA protein plays some other role
in the process of UV and chemical mutagenesis besides
being required for the induction of the umuDC genes. This
can most easily be seen by the fact that lexA(Def) recA
strains are nonmutable with UV (3, 11, 202) despite the fact
that the umuD and umuC genes are constitutively expressed
at high levels in such backgrounds (3). From a priori
considerations, this second requirement for RecA function
for mutagenesis could be due to the RecA protein carrying
out a second regulatory function besides cleaving lexA
repressor, the RecA protein playing a mechanistic role in the
process, or the RecA protein carrying out both a second
regulatory function and a mechanistic function. The issue
will obviously not be settled in an unambiguous fashion until
the complete biochemistry of mutagenesis has been worked
out in vitro. Several experiments have been performed,
however, which shed light on this question.

Effect of the recA430 mutation on mutagenesis. More
detailed insights into the nature of the requirements for
RecA function can be gained by consideration of the effects
of the recA430 allele on mutagenesis. Strains carrying this
allele are proficient for homologous recombination (12).
Consistent with this, the RecA430 protein has a nearly
normal adenosine triphosphatase activity and catalyzes
strand exchange in vitro (281). As discussed above, howev-
er, it appears to have a reduced ability to cleave the LexA
protein.

Since strains carrying a recA430 mutation probably do not
induce the umuDC genes to a very great extent, it is not too
surprising that such strains are poorly mutated by UV (12,
116, 242). lexA(Def) recA430 strains, however, are also only
weakly mutated by UV in spite of the fact that they express
the umuDC genes constitutively at high levels because of the
absence of functional LexA protein (11). A lexA::Tn5(Def)
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recA430 strain in which the LexA protein has been com-
pletely eliminated (178) has the same phenotype so that the
effect is not due to incomplete derepression of the umuDC
genes. The simplest explanations for this observation are
that (i) the proteolytic capability of the RecA protein is
required for the process of mutagenesis to occur because it
cleaves the repressor of some gene that is not repressed by
the LexA protein; (ii) the proteolytic capability of the RecA
protein is required because it cleaves some protein which
then participates in the actual biochemical process of muta-
genesis; and (iii) some characteristic of the RecA protein
which is needed to activate its proteolytic capabilities, for
example the ability to bind to a particular substrate, is also
required for mutagenesis, but the protease activity per se is
not required other than to induce umuDC.

Evidence suggesting that UV mutagenesis does not require
the induction of genes other than those repressed by LexA.
Evelyn Witkin (personal communication) has recently per-
formed an experiment which suggests that RecA is not
needed for the induction of any gene(s) besides those re-
pressed by the LexA protein. A lexA(Def) recA441 strain
was grown at 30°C in rich medium containing guanosine and
cytidine, conditions known to prevent the activation of the
proteolytic capabilities of the RecA441 protein. The culture
was then washed and given a dose of UV irradiation too low
to cause effective induction of the SOS response. If the
irradiated cells were then plated immediately on rich medi-
um containing guanosine plus cytidine, no mutagenesis was
observed. However, if the irradiated cells were incubated for
1 h at 42°C in minimal medium containing adenine, condi-
tions known to lead to an activation of the RecA441 proteo-
lytic capabilities, and then plated on rich medium containing
guanosine plus cytidine, mutants were obtained. Significant-
ly, the same number of mutants were obtained if the incuba-
tion at 42°C was carried out in the presence of chlorampheni-
col.

In this experiment, the umuDC genes were expressed
constitutively because of the lexA(Def) mutation in the
strains. For UV mutagenesis to occur, however, the cells
still required conditions leading to the activation of the RecA
protease, suggesting that the RecA protein has a second role
in mutagenesis besides inducing the umuDC genes. Further-
more, this experiment suggests that the role of the activated
RecA protein is not to induce another gene since the
presence of chloramphenicol during the period of RecA
activation did not affect the number of mutants obtained. If
the interpretation of this experiment is correct, the result
would eliminate the first possibility listed above.

Other evidence. A few other observations suggest that the
ability of the RecA protein which allows it to be proteolyti-
cally activated is important for the second role of RecA in
mutagenesis. By themselves they do not indicate whether
the protease activity is actually required or whether it is
simply the ability of RecA to be activated which is impor-
tant. For example, a lexA(Def) recA441 strain has an elevat-
ed spontaneous mutation rate which is umuDC dependent
(11). The ability of recA441 to increase the spontaneous
mutation rate may be a reflection of its ability to become
proteolytically active in undamaged cells and the possible
basis of such mutagenesis is discussed in the following
section. The spontaneous mutation rate of this strain is
increased by conditions which activate the RecA441 prote-
ase activity (11). Similar observations have been made by
Witkin et al. with the recA730 allele (373).

If the amount of RecA protein in a lexA(Def) recA441
strain is kept low by introducing a putative promoter-down
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mutation, recA453, the high level of spontaneous mutagene-
sis is reduced (11). Thus, even if the umuDC genes are fully
expressed, RecA is required in substantial amounts for the
umuDC-dependent increase in spontaneous mutation rate to
be observed. The lexA(Def) recA441 recA453 mutant is
reasonably mutable by UV and is, in fact, more mutable than
the lexA(Def) recA430 strain (11). This result indicates that,
in the case of UV mutagenesis, a low amount of RecA that
can be activated is more effective for mutagenesis than a
larger amount of RecA that has a defect in becoming
proteolytically activated.

Similarly, a lexA(Def) recA441 strain exhibits an increased
susceptibility to mutagenesis by the umuDC-dependent mu-
tagen methyl methanesulfonate under conditions which acti-
vate the recA441 protease (J. H. Krueger and G. C. Walker,
unpublished data). The effect may be observable with this
compound and not so readily with UV since methyl methan-
esulfonate is a relatively weak SOS-inducing agent (273) and
therefore poor at causing events which lead to the activation
of RecA. .

Targeting of UV and Chemical Mutagenesis

The realization that cellular functions are required for
mutagenesis raised the issue as to whether mutations intro-
duced by UV and chemical mutagenesis are targeted or
untargeted. In other words, does the induced SOS process-
ing system introduce mutations specifically at the sites of
lesions in DNA or does it introduce mutations at random
sites regardless of whether there are lesions at those sites or
not? It is now clear that most of the mutations that arise after
the treatment of E. coli with UV or chemical mutagens are
the result of a targeted cellular process. This topic has
recently been reviewed by Miller (228). However, it does
appear likely that, at least in certain circumstances and at
lower frequency, untargeted mutagenesis can occur as a
consequence of the action of a processing system on DNA
that has not been damaged by an exogenous agent.

Before discussing the evidence supporting these state-
ments it seems necessary to define some terminology. First,
from a priori considerations, simply classifying mutations as
to whether they arose from a targeted or untargeted process
is inadequate since there are two ways in which a mutagenic
process could be targeted. Such a process could be locally
targeted (the presence of the lesion leads to the introduction
of mutations at its actual site) or it could be regionally
targeted (the presence of the lesion leads to the introduction
of mutations in its immediate vicinity but not directly at its
site). Second, lesions such as apurinic sites or cyclobutane
pyrimidine dimers have often been referred to as being
‘‘noninformational,”’ ‘‘noninstructional,”” ‘‘nonpairing,”’ or
‘‘noncoding’’ because their chemical structure differs greatly
from the normal structures found in DNA; however, the
basis of this classification also seems inadequate. A true
noninformational lesion would be one that does not play a
role itself in influencing the nature of the sequence alteration
resulting from the presence of the lesion. However, lesions
that differ even grossly from normal structures found in
DNA could, through a combination of hydrogen-bonding,
van der Waals interactions, and stacking interactions, still
favor the preferential incorporation of a particular nucleotide
or base at the site of the lesion; I will refer to such lesions as
being pseudoinformational. It is probably worth noting that
in principle both noninformational and pseudoinformational
lesions could either result directly from a chemical interac-
tion of an agent with DNA or they could be second-order
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lesions arising from the interaction of the cell with the
original chemical lesion.

Most UV and chemical mutagenesis is targeted. The insight
that most UV and chemical mutagenesis is targeted was
made possible by the use of experimental approaches that
allowed mutations to be characterized with regard to the
nucleotide change(s) they cause. The first system that al-
lowed large numbers of mutations to be studied conveniently
at this level was the fine-structure lacl genetic system of E.
coli developed by J. Miller and his colleagues (59, 231). With
this system, a set of purely genetic techniques can be used to
analyze amber and ochre mutations occurring within the lacl
gene in such a way that the sequence changes giving rise to
these mutations can be determined; all possible base substi-
tution mutations can be detected except for adenine
(A) - thymine (T) — guanine (G) - cytosine (C). A variety of
other types of systems have also been employed to distin-
guish genetically between various types of mutations (5, 100,
107, 167, 302, 305, 379). An alternative type of approach
which has been utilized more widely recently has been to
select or screen for mutations occurring on bacteriophage or
plasmids and then use DNA sequencing techniques to deter-
mine directly the sequence changes that caused these muta-
tions (109, 188, 204, 235; R. D. Wood and F. Hutchinson, J.
Mol. Biol., in press).

Sets of lacl nonsense mutations caused by several differ-
ent SOS-dependent mutagens have been analyzed. A com-
parison of the types and frequencies of mutations caused by
UV (59, 344), 4-nitroquinoline-1-oxide (59), neocarcinostatin
(104), (*)7«,8B-dihydroxy-98,10B-epoxy-7,8,9,10 tetrahy-
drobenzolalpyrene (BPDE) (89), 3,4-epoxycyclopentalc,d]
pyrene (89), activated aflatoxin B1 (106), and cis-diamine-
dichloroplatinum (II) (33) clearly indicates that each agent
causes its own characteristic spectrum of mutations. Thus,
most of the base substitution mutations caused by these
agents must be targeted for, otherwise the same spectrum of
mutations would have been generated by all of the mutagens
(105, 228). More specifically, this means that the particular
lesions generated as a consequence of exposure to these
various agents must play a role in determining the outcome
of the mutations that result. As will be discussed below, it is
possible that a small fraction of the mutations could result
from an untargeted process.

An independent line of evidence arguing that most UV
mutagenesis is targeted comes from experiments showing
that UV-irradiated phage plated on UV-irradiated cells have
a much higher mutation frequency than unirradiated phage
plated on the same cells (Weigle mutagenesis) (70, 363); this
effect is umuDC dependent (166, 272). Furthermore, the
types and locations of mutations observed with the irradiat-
ed phage are different from those observed with the unirradi-
ated phage (Wood and Hutchinson, in press). Thus, the extra
mutations observed when the phage have been irradiated
must result from targeted mutagenesis carried out by an SOS
processing system since the host cells have been equivalent-
ly induced in both cases. The relative importance of untar-
geted mutagenesis in these experiments is discussed below.

Hotspots. It is clear that the local DNA sequence plays a
role in determining the efficiency with which a particular
mutagen causes mutations at particular sites. For example,
in the case of UV mutagenesis, some sites (hotspots) are
very much more mutable than others (59). The location of
the hotspots observed depends on the mutagen used, so
hotspots are not due to there being regions of DNA which
are intrinsically more mutable by all agents than other
regions of DNA. The DNA sequence surrounding a poten-
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tially mutable site could play a role in determining the
frequency of mutation by affecting (i) the relative frequency
or nature of the lesions that occur at that site or both (i.e., by
influencing the chemistry or photochemistry that occurs at
that site), (ii) the efficiency of accurate repair systems in
removing lesions from that site, or (iii) the efficiency with
which SOS processing can occur at that damaged site.

In the case of UV mutagenesis, Todd and Glickman (344)
have reported that a AuvrB strain which lacks the ability to
carry out excision repair of pyrimidine dimers and other
bulky lesions had, with one exception, the same spectrum of
mutational hotspots as was observed with a uvrB* strain.
This result indicates that for most of the hotspots the local
sequence does not affect the efficiency of accurate repair but
rather the efficiency with which lesions are introduced or the
efficiency with which SOS processing occurs at the damaged
sites or both. The one exceptional site that was influenced by
uvr® functions lay in the terminal loop of a quasi-palindrom-
ic sequence, and it was suggested that in this case the effect
of the local sequence was to influence the secondary struc-
ture of the DNA in the immediate region of the site; at least
one effect of the secondary structure might be to influence
the efficiency of a uvr*-dependent accurate repair process
(344). This suggestion is consistent with some of the unusual
effects that have been noted in studies of mutagenesis at
suppressor loci (15, 28, 260, 299, 371). Glickman (115) has
also reported that, although the presence of pKM101 in-
creased the susceptibility of both uvr®™ and uvrB mutants to
UV mutagenesis, the mutational spectra of lacI mutations
are nearly identical in the presence and absence of pKM101.
Eisenstadt et al. (89) have obtained similar results with two
polycyclic aromatic mutagens. These observations reinforce
the conclusion that the mucA and mucB genes are functional
analogs of the umuD and umuC genes.

Concept of HFOs and LFOs. Although the observation that
different agents cause different spectra of base substitution
mutations indicates very strongly that most of the mutagene-
sis observed after treatment of E. coli with UV or a chemical
mutagen is targeted, it does not in and of itself indicate
whether such mutagenesis is locally or regionally targeted.
Foster et al. (105) have further analyzed the frequencies of
different mutations resulting from treatment with UV, 4-
nitroquinoline-1-oxide, and neocarcinostatin and have con-
cluded that such mutations arise from two classes of events:
nonrandom, high-frequency occurrences (HFOs) and appar-
ently random, low-frequency occurrences (LFOs).

(i) HFOs. The base pair changes giving rise to HFO
mutations are different for different mutagens. This suggests
that the chemical nature of the lesions resulting from expo-
sure to the various agents plays a major role in determining
the nucleotide which is ultimately incorporated. Certainly
the simplest model to account for this result is that the HFOs
arise from a locally targeted process in which a nucleotide is
incorporated directly opposite a pseudoinformational lesion.
HFO events do not occur with equal frequency at all sites
where they can be observed. As discussed above, the
efficiency with which a given site can be mutated seems to
depend on the chemical nature of the mutagen and the DNA
sequence surrounding the site.

(ii) LFOs. In contrast, the base pair changes giving rise to
the LFOs appear to be random, with all possible base
changes being observed. In spite of this apparent random-
ness with respect to base pair change, Foster et al. (105)
conclude that the LFO mutations are also targeted since a
number of sites in the lacl gene that gave rise to LFOs with
UV and 4-nitroquinoline-1-oxide fail to give rise to LFOs

MUTAGENESIS AND INDUCIBLE RESPONSES 79

with neocarcinostatin. If the LFOs arose by an untargeted
process then one would expect the same set of LFOs to be
produced with each mutagen. The two simplest ways to
explain the LFO mutations are that they arise (i) from a
locally targeted process taking place at relatively rare nonin-
formational lesions or (ii) from a regionally targeted process
occurring in the vicinity of lesions.

The most concentrated set of probable LFOs obtained to
date would seem to be the set of mutations obtained by
Youderian et al. (378) in their analysis of the bacteriophage
P22 promoter P,,. The phage were mutated by infecting
UV-irradiated P22 bacteriophage into UV-irradiated
pKM101-containing cells. Mutations were observed at every
base pair in the —10 and —35 regions of the promoter, and all
changes were observed except for G- C — C-G. The
absence of G- C — C -G transversions is probably not
significant since the regions consist mostly of A - T bases
and a base pair change was detected only if it affected
promoter function. Since no particular site or base pair
change dominated the spectrum of mutations obtained, these
regions do not appear to contain a hotspot for UV mutagene-
sis, and the mutations do not seem to be HFOs. Since the
cells were maximally induced for SOS processing and the
increase in mutation frequency required UV irradiation of
the bacteriophage, these mutations would appear to corre-
spond to the LFO events of Foster et al. (105).

Consequences of SOS Processing of DNA Not Damaged by
Exogenous Agents

In spite of the fact that most UV and chemical mutagene-
sis appears to be targeted to sites of damage on DNA, there
are two types of experiments which suggest that the SOS
processing system can cause mutagenesis by operating on
DNA which has not been damaged by an exogenous agent.
The first type is experiments in which the SOS processing
system of E. coli is induced/activated by genetic means, and
an increased rate of spontaneous mutation is observed even
though the cellular DNA has not been deliberately damaged.
The second type is experiments in which undamaged bacteri-
ophage are introduced into SOS-induced cells and an in-
creased rate of phage mutagenesis is induced. In principle,
mutations arising from the action of SOS processing on DNA
not damaged by an exogenous agent could result from (i)
untargeted mutagenesis by the SOS processing system or (ii)
targeted mutagenesis resulting from the processing of ‘‘cryp-
tic’’ lesions (370, 371) which are innocuous or lethal unless
the SOS processing system is induced. For example, such
cryptic lesions could, in principle, be produced by fluores-
cent light (371), spontaneous depurinations, damage by
endogenous alkylating agents, damage by oxygen radicals,
etc.

Relationship of SOS processing to the spontaneous mutation
frequency. Experiments in which the SOS processing system
is induced by genetic means have usually utilized strains
carrying the recA441 allele. Growing a recA441 strain at 42°C
in the presence of adenine, a condition that results in the
induction of many of the SOS responses, causes a large
increase in the spontaneous reversion rate of trp ochre
mutation in E. coli B/r (369, 370) and of the his<4 and argE3
ochre mutations in E. coli K-12 (50, 112, 354). The increase
in the spontaneous mutation rate seen in recA441 strains is
umuDC*-dependent (50), and the introduction of pKM101
into the recA441 strains led to an even larger increase in the
spontaneous mutation rate at 42°C (50, 79, 354). These
observations indicate that the increase in spontaneous muta-
genesis results from the umuDC-dependent SOS processing
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system acting on DNA that has not been damaged by an
external agent. It seems unlikely that the growth at 42°C is
introducing premutagenic lesions since another recA allele,
recA730, which causes induction of SOS functions even at
30°C, also causes an increase in the spontaneous mutation
rate at 30°C, similar to that seen in a recA441 mutant at 42°C
(373). Moreover, it appears that the effect of the higher
temperature and adenine is not simply to induce the umuDC
genes since the effect is also seen with lexA(Def) recA441
strains as discussed above in detail.

Although shifting a recA441 mutant to 42°C leads to a large
increase in the spontaneous reversion frequency of the
alleles listed above, the reversion frequency of a number of
other base-substitution mutations is not affected or is affect-
ed very little (A. Schauer and G. C. Walker, unpublished
data). These observations suggest that there are hotspots for
this type of untargeted mutagenesis. This conclusion is
consistent with a number of observations indicating that the
introduction of a plasmid such as pKM101 into a cell
increases the spontaneous reversion frequency of certain
mutations but not of others (107, 246). If one of the effects of
pKM101 is to increase the basal level of processing activity
in cells (354), then the increased spontaneous mutation
frequency could be due to the SOS processing system
interacting with DNA in an undamaged cell. The hotspots for
this type of mutagenesis could be the result of a preference
of the SOS system to produce untargeted mutations at
particular DNA sequences or it could reflect the distribution
of cryptic lesions in undamaged DNA.

The mutations produced by growing a recA44l strain
under conditions where the SOS responses are expressed
have recently been analyzed by using the lacl system (J. H.
Miller and K. B. Low, personal communication). The fre-
quency of spontaneous mutations observed was elevated but
was much lower than the frequencies observed after UV or
chemical treatment, consistent with the notion that most UV
and chemical mutagenesis is targeted. A considerable in-
crease in G - C — T - A transversions at a number of sites
was observed along with some increase in AT — T-A
transversions at other sites. Some hotspots were observed
along with some coldspots. Whether a base pair was a
hotspot or not seemed to be totally determined by the
flanking sequences. These observations are consistent either
with SOS processing causing untargeted mutagenesis prefer-
entially at specific sequences or with there being hotspots for
mutagenesis resulting from cryptic lesions.

Sargentini and Smith (300) have recently carried out a
detailed analysis of the effect of various repair mutations on
the spontaneous mutation rate under different growth condi-
tions. They have concluded that (i) since umuC, recA(Def),
or lexA(Ind™) mutations lower the spontaneous mutation
rate, a component of spontaneous mutagenesis results from
the action of the basal level of SOS processing activity that is
present in uninduced cells and (ii) since inactivation of
nucleotide excision repair by uvrA or uvrB mutation raises
the spontaneous mutation rate, at least some spontaneous
mutations are the result of lesions in undamaged cells being
acted on by the basal level of SOS processing.

Mutagenesis of undamaged bacteriophage in SOS-induced
cells which depends on SOS processing. Other experiments,
which suggest that mutagenesis can occur by the action of
the SOS processing system on DNA which has not been
damaged with an exogenous agent, involve infecting UV-
irradiated cells with undamaged lambda bacteriophage. Quil-
lardet and Devoret (272) have shown that an undamaged \
vir2 vir3 bacteriophage mutates to virulence at a higher
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frequency when plated on UV-irradiated cells than when
plated on unirradiated cells. This increase in the mutation
rate of undamaged phage brought about by the UV preirra-
diation of the bacterial host was not seen if the cells carried a
mutation at the umuDC locus.

Mutagenesis of undamaged bacteriophage in SOS-induced
cells which does not depend on SOS processing. It now seems
evident that at least one other mechanism can contribute to
phage mutagenesis in such circumstances. Several groups
have carried out analogous experiments in which an increase
in the frequency of clear plaque mutants of lambda was
detected when unirradiated bacteriophage were plated on
UV-irradiated host cells (30, 147, 272; Wood and Hutchin-
son, in press). The fact that this phenomenon was not
observed if the host carried a recA mutation (147), provided
an early suggestion that the mutations arose from untargeted
mutagenesis by the error-prone processing system. Howev-
er, in analyzing this further, Wood and Hutchinson (in press)
have found that (i) increased phage mutagenesis is seen if the
host carries both recA and recB mutations, (ii) increased
phage mutagenesis is seen even if the host carries a umuC36
mutation, and (iii) the mutations that result consist mainly of
frameshift mutations occurring at runs of identical bases.
Taken together, these results suggest that the mutations
were not generated by the action of an SOS processing
system. Since the effect seems to be enhanced in a polAexl
mutant and since cells with a low level of polymerase I have
been shown to have an increased spontaneous mutation
frequency due to increased frameshift mutagenesis, Wood
and Hutchinson (in press) have suggested that frameshift
mutations arise during an attempt to replicate DNA in the
absence of adequate levels of polymerase 1. They envision
the UV-induced lesions in the bacterial chromosome as
tightly binding much of the polymerase I of the cell so that
less than normal would be available for bacteriophage repli-
cation. A delay in joining Okazaki fragments would then
increase the likelihood of a frameshift mutation occurring by
slippage as suggested by Streisinger et al. (336).

The differing results obtained by Quillardet and Devoret
(272) and Wood and Hutchinson (in press) can be rational-
ized by considering the different systems used in the two
experiments to detect mutations. For virulent mutants to
arise, a mutation had to occur within the OR; region of the cl
operator, whereas clear plaque mutants could arise by a
wide variety of mutations within the cI gene. Although the
SOS processing system could have been responsible for
some of the cI mutants obtained, the majority arose by some
process which is umuDC independent. Two factors could
have contributed to the umuDC dependence of the virulent
mutations: (i) the OR; region does not contain any runs of
identical bases longer than two and therefore might be
expected to be a poor region for frameshift mutants to occur
in and (ii) the OR; region could be a hotspot for the SOS
processing system for one of the reasons discussed above.

Even though relatively high levels of untargeted mutagen-
esis have been reported when infecting undamaged lambda
phage into UV-irradiated cells and measuring the frequency
of ¢I mutants (30, 272), caution must be exercised when
using these numbers to deduce the ratio of targeted to
untargeted mutagenesis in experiments where the infecting
phage have been damaged. The clear plaques detected when
the phage have been damaged result from bursts of phage
containing only mutant phage (Wood and Hutchinson, in
press), indicating that the fixation of the mutation occurred
before completion of the first round of replication on the
damaged template or, alternatively, that a mutation was
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fixed every time the damaged template was replicated. In
contrast, the clear plaques detected when the phage have not
been damaged result from bursts containing mostly wild-
type phage mixed with one or a few mutant phage (272;
Wood and Hutchinson, in press), indicating that the muta-
tion occurred late in infection, probably during the rolling
circle mode. Thus, the actual mutation frequency is consid-
erably less than the observed frequency of clear plaques, a
situation which has led to overestimates of the relative
importance of the contribution of untargeted mutagenesis to
the mutagenesis induced by UV.

The results discussed in this section suggest that although
the SOS processing system in E. coli can cause mutations
operating on DNA that has not been damaged by an exoge-
nous agent, it produces mutations with far greater efficiency
when operating on DNA that contains suitable lesions such
as those introduced by UV. Mutations arising with DNA that
has not been damaged by an exogenous agent may come
from SOS processing of naturally occurring lesions or simply
from untargeted mutagenesis brought about by the SOS
processing system acting on regions of DNA that do not
contain lesions; some evidence favors the notion that natu-
rally occurring lesions are involved. Furthermore, at least
one other process favoring frameshift mutations can contrib-
ute to mutagenesis in undamaged DNA in certain situations.

What Constitutes a Premutagenic Lesion for SOS
Processing?

Given that most UV and chemical mutagenesis is targeted
and that at least a substantial fraction of such mutagenesis
appears to result from the action of the SOS processing
system directly at the site of pseudoinformational or nonin-
formational lesions, the determination of the chemical struc-
ture of such premutagenic lesions becomes a matter of
considerable interest. A final rigorous proof that a particular
lesion constitutes a premutagenic lesion must probably await
the synthesis of DNA molecules containing that lesion at a
single known site. Nevertheless, a considerable amount of
evidence has been accumulated suggesting that two lesions,
AP (apurinic or apyrimidinic) sites and the UV-induced
pyrimidine-pyrimidine (6-4) photoproduct (135) serve as
premutagenic lesions for the SOS processing system.

Apurinic sites. A series of experiments carried out by Loeb
and his colleagues strongly suggest that apurinic sites are
premutagenic lesions which when acted on by the SOS
processing system lead to the production of mutations. The
basic observation is that single-stranded $X174 DNA which
has been exposed to conditions which cause depurination is
mutated if it is transfected into SOS-induced spheroplasts
but not if it is transformed into uninduced spheroplasts (306).
The lesion causing the mutagenesis was shown to be an
apurinic site by demonstrating that treatment of the depurin-
ated phage template with either alkali (306) or an apurinic
endonuclease from HeLa cells (306) prevented the mutagen-
esis. The process requires the involvement of SOS process-
ing since it is umuC*- and recA*-dependent (304). For the
effect to be observed, the spheroplasts must also be recF*;
however, the role of recF in the process is unclear. The
RecF protein could be required for efficient induction of the
SOS system after UV irradiation or it could actually play a
role in the SOS processing of single-stranded bacteriophage
as suggested by Clark and Volkert (53).

It is possible that apurinic sites may play a role in the
mutagenicity of a number of chemical carcinogens. Schaaper
et al. (303) have presented data consistent with the notion
that mutagenesis by B-propiolactone proceeds by the genera-
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tion of apurinic sites by depurination of alkylated bases. In
addition, Foster et al. (106) have suggested that mutagenesis
by aflatoxin B1, BPDE, and 3,4-epoxycyclopentalc,d]pyr-
ene also proceeds by the generation of apurinic sites from
damaged bases. Such depurination could proceed spontane-
ously since alkylation at some positions such as N(7) of
guanine labilizes the glycosidic bond or it could require the
action of a glycosylase.

Pyrimidine-pyrimidine (6-4) photoproduct. The nature of
the UV-induced photoproduct which is responsible for UV
mutagenesis has been a matter of great interest for many
years (371). Study of this problem has been greatly compli-
cated, however, by the fact that UV induces a number of
different photoproducts, that more than one photoproduct
can occur at the same site in different DNA molecules, that
these various photoproducts are susceptible to a number of
types of accurate DNA repair, that SOS processing is
required for UV-induced lesions to give rise to mutations,
and by the fact that UV is an efficient inducer of both certain
of the accurate repair systems and of the SOS processing
system. Nevertheless, circumstantial evidence is accumulat-
ing which tends to suggest that a UV-induced photoproduct,
the pyrimidine-pyrimidine (6-4) lesion (108, 135, 195), is at
least one of the important premutagenic lesions involved in
UV mutagenesis.

The evidence supporting the possible involvement of
pyrimidine-pyrimidine (6-4) lesions in UV mutagenesis con-
sists of two types of observations. The first is that the
location of UV-induced base substitution mutations seems to
correlate better with sites of expected pyrimidine-pyrimidine
(6-4) formation than with the sites of expected pyrimidine
cyclobutane dimer formation (23; R. D. Wood, T. R. Sko-
pek, and F. Hutchinson, J. Mol. Biol., in press). In one case,
the frequency of pyrimidine-pyrimidine (6-4) and pyrimidine
cyclobutane dimer lesions was measured directly in a frag-
ment of the lacl gene, and positions which were hotspots for
the formation of pyrimidine-pyrimidine (6-4) lesions were
shown to correlate with the locations of hotspots for UV
mutagenesis (23). The second type of observation is that
introduction of photoproducts with 313-nm radiation and the
sensitizer a-aminoacetophenone leads to a different spec-
trum of mutations from those that are observed upon stan-
dard 254-nm UV irradiation (Wood et al., in press). This
treatment leads to the formation of T-T and some T-C
cyclobutane dimers but not to the formation of pyrimidine-
pyrimidine (6-4) product, suggesting that, at least at some
sites, the pyrimidine-pyrimidine (6-4) lesion is more efficient
at causing a mutation than a cyclobutane pyrimidine dimer.

What Is the Biochemical Mechanism of SOS Processing?

A number of models have been proposed over the years
for the mechanism of SOS processing, but its biochemistry is
still unknown at the time that this review is being written.
However, given the fact that at least some of the gene
products required for this process have been identified and
are presently being purified and studied in a number of
laboratories, there would seem to be a reasonable chance
that the actual biochemical mechanism will be determined in
the relatively near future.

Likelihood that a polymerase plays a role in SOS processing.
The work reviewed above indicates that UV and much
chemical mutagenesis results from the induced SOS process-
ing system introducing an incorrect base into a damaged
DNA molecule. An incorrect base could be introduced into a
DNA molecule by a step in which a new phosphodiester
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bond is formed at the time of introduction of the incorrect
base, and most models for the biochemical mechanism of
SOS processing have postulated the involvement of a new or
modified polymerase which introduces an incorrect nucleo-
tide (18, 29, 88, 164, 277, 305, 335, 371). Alternatively, an
incorrect base could, in principle, be introduced by mecha-
nisms which do not require the formation of a new phospho-
diester bond at the site of the incorrect base. For example, a
short oligonucleotide with homology to the region containing
the lesion could be ‘‘grafted’’ in by a recombinational event
(92) or an incorrect base could be introduced by an ‘‘inser-
tase’’ (205) which introduces a base rather than a nucleotide.

In spite of these formal alternatives, it seems most likely
that the mechanism of SOS processing will turn out to
involve a modified or even a new polymerase. It is difficult to
reconcile the specificity of mutagenesis with regard to base
change and site that is seen for different mutagens with the
introduction of incorrect bases by a recombinational event.
An insertase mechanism could account for the specificity of
base pair changes in a double-strand DNA molecule but not
in a single-strand molecule. The one report of an insertase
activity in E. coli (205) has not been substantiated by work in
a second laboratory (161). In contrast, introduction of an
incorrect base by a polymerase is (i) compatible with the
notion that the properties of a lesion can influence the nature
of the base-pair change that results and (ii) compatible with
the observation that SOS processing can apparently act on
both single- and double-strand damaged DNA templates.
Most models proposed to account for SOS processing as-
sume that the polymerase involved is inserting deoxyribonu-
cleotides although it has recently been suggested that, for
bacteriophage T4, bypass of dimers might occur by the
synthesis of primer RN As opposite the site of the lesion (64).

Action of DNA polymerases on damaged DNA templates.
The action of known DNA polymerases on damaged DNA
templates has been studied by a variety of different systems
(17, 18, 180, 181, 238-241, 266, 305, 335). The exact result
depends somewhat on the polymerase being used; however,
it seems clear that DNA damage introduced by agents such
as UV, N-acetoxyacetylaminofluorene, and dimethyl sulfate
blocks the progress of normal polymerases. Polymerization
terminates just before or at the site of the lesion. In some
cases if the stringency of the polymerase is relaxed, for
example by adding Mn?*, additional nucleotides can be
incorporated, suggesting that it is possible for less stringent
polymerases to operate on such damaged templates (238,
240, 335). In general, mammalian cell DNA polymerases,
which at least as presently isolated lack proofreading activi-
ty, are able to bypass at least some of these lesions (17, 18,
180, 238, 266, 305) and this has led to the suggestion that an
inhibition of the 3’-5' proofreading function of a known
polymerase might account for the mechanism of SOS proc-
essing.

Loeb and his colleagues (180, 181, 305) have carried out
model experiments demonstrating that the bypass of an
apurinic site, an apparent premutagenic lesion for SOS
processing, by a polymerase can lead to the introduction of
mutations. Both they and Strauss et al. (275, 335) have
pointed out that the preference of a polymerase for inserting
a particular nucleotide or a particular class of nucleotide,
such as a purine nucleotide, could influence the mutagenic
consequences of a polymerase replicating across a noninfor-
mational lesion.

Physiological relevance. The experiments in which DNA
polymerases introduce mutations by bypassing lesions on
damaged DNA templates demonstrate the feasibility of SOS
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processing occurring by such a mechanism. It has not yet
been shown, however, whether such in vitro reactions with
known DNA polymerases have any physiological relevance
to the process by which UV and chemical mutagenesis
occurs in living cells. The three gene products which are
known to play physiologically relevant roles in this process
are UmuD, UmuC, and RecA, and the final biochemical
model for the mechanism of mutagenesis by SOS processing
will have to explain the roles of these three gene products
satisfactorily. Until such a mechanism is established, a
considerable number of formal possibilities remain. For
example, if the UmuD and UmuC gene products were to act
by leading to the formation of a polymerase with a capability
of acting on damaged templates, they could do so by directly
coding for such an activity themselves, by modifying an
existing polymerase, or by regulating the induction of yet
another protein which then participates directly in the bio-
chemical mechanism.

The problem is illustrated by the recent report by Lackey
et al. (182) of the isolation of an altered form of polymerase I
from SOS-induced cells. The fidelity of this new polymerase
activity is much less than that of polymerase I on undamaged
DNA templates. This polymerase could conceivably play a
role in SOS processing; however the fact that it can be
isolated from umuC mutants (D. Lackey and S. Linn,
personal communication) leaves the issue in doubt. The
polymerase might play no role at all in SOS processing or it
could be that it does play a role and that UmuC plays yet
some other role. A similar problem exists with establishing
whether SOS-induced RecA-dependent immortal replication
(174, 186) bears any relationship to SOS processing. Al-
though it is SOS induced and requires the participation of
RecA, it can still be observed in umuC mutants (S. J.
Elledge, K. L. Perry, and G. C. Walker, unpublished data),
so that its relevance to mutagenesis is not clear.

It has taken the combined and varied efforts of many labs
over many years to advance our knowledge to a point where
it should be realistically possible to determine the biochemis-
try of this fundamental cellular process required for UV and
chemical mutagenesis and it will be extremely interesting to
learn how it proceeds.

EFFECTS OF OTHER REPAIR SYSTEMS ON
MUTAGENESIS

The efficiency with which a lesion can give rise to a
mutation is also influenced by repair systems in E. coli which
carry out accurate repair. This area has recently been
summarized by Hartman (133).

uvr*-dependent excision repair. The wvrA, -B, and -C
genes of E. coli code for a complex endonuclease (295, 321,
322, 377) which initiates excision repair of bulky lesions such
as UV-induced pyrimidine dimers by incising both 5’ and 3’
of the lesion (295). The mechanism of this type of repair has
recently been reviewed (122, 132, 135, 192). Most wuvr'-
dependent excision repair produces a relatively short patch
and must be very accurate since agents such as UV are far
more mutagenic in u#vr mutants. A second type of uvr’-
dependent repair termed long-patch repair also appears to be
accurate since it is still observed in umuC mutants (57). The
fact that the uvrA, -B, and -C genes seem to be members of
the SOS regulatory network means that treatments which
induce the SOS system increase the capacity of a cell to
carry out this type of accurate repair. Part of the Weigle
reactivation of UV-irradiated lambda which is seen in uvr*
cells seems to be due to an increased capacity of the cells to
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carry out excision repair.

Excision repair initiated by a glycosylase and an AP endonu-
clease. Another major strategy used by E. coli and other
organisms to initiate excision repair is to use glycosylases to
excise specific damaged or incorrect bases by cleaving their
glycosylic bonds and then an AP endonuclease to cleave the
DNA at the AP sites that are generated. This subject has
recently been reviewed in depth by Lindahl (192). As
discussed above, 3-methyladenine-DNA glycosylase II is
induced as part of the adaptive response, and it will be
interesting to see whether other glycosylases as well as
perhaps AP endonucleases will be induced in response to
various types of DNA damage.

As with uvr*-dependent excision repair, this type of
excision repair seems accurate since its main effect seems to
be to reduce the number of mutations that arise after a DNA-
damaging treatment. An interesting aspect to this type of
repair system, however, is raised by the accumulating evi-
dence that AP sites may serve as premutagenic lesions for
SOS processing. Since the removal of a damaged or incor-
rect base by a glycosylase creates an AP site, the subsequent
repair events must be very efficient relative to SOS process-
ing. It is possible that circumstances will be identified where
the action of a glycosylase increases the amount of SOS-
dependent mutagenesis that is observed.

Daughter strand gap repair. It is not clear that the set of
recombinational mechanisms which aid in the tolerance of
daughter strand gaps (132) plays any role in the introduction
of mutations since this type of repair is observed in umuC
mutants (163). Furthermore, as discussed above, it is diffi-
cult to account for the specificity of mutagenesis with
different compounds by invoking a recombinational mecha-
nism.

Methyl-directed mismatch repair. An increasing amount of
evidence has been accumulating suggesting that E. coli
possesses a mismatch repair system which is able to repair
mismatched base pairs occurring at the replication fork (271,
278). The system requires the products of the mutH, -L, and
-S, and uvrD genes. Apparently the presence of N°-adenine
methylation at GATC sequences in a parental strand allows
it to be discriminated from the newly synthesized (unmethyl-
ated) daughter strand; the adenine methylation at GATC
sequences is carried out by the product of the dam gene
(214). Recently, Lu et al. (211) reported the detection of
methyl-directed mismatch repair in vitro. As discussed
above, the uvrD gene is part of the SOS regulatory network
but it is not yet clear whether the mutH, -L, and -S genes are
regulated.

Two ways have been suggested by which methyl-directed
mismatch repair could influence the amount of mutagenesis
that results from treatment of cells with a DNA damaging
agent. Caillet-Fauquet and Maenhaut-Michel (37, 213) have
pointed out that such a mismatch repair system could correct
mistakes introduced by what I have termed untargeted and
regionally targeted mutagenesis by the SOS processing sys-
tem and have presented experiments with mutH, -L, and -S
mutants which are consistent with this suggestion.

Although mismatch repair can apparently act at O%-meth-
ylguanine - thymine base pairs in E. coli, it does not lead to a
reduction in the numbers of mutations (158). Shanabruch et
al. (323) have discussed a model to explain how mismatch
repair could interact with lower levels of O%-alkylguanine-
DNA alkyltransferase activity such as those found in S.
typhimurium (128) to influence the number of mutations
obtained after treatment with a methylating or ethylating
agent.

MUTAGENESIS AND INDUCIBLE RESPONSES 83

MUTAGENESIS AND INDUCIBLE RESPONSES TO DNA
DAMAGE IN OTHER ORGANISMS

As outlined in this review, the organism whose responses
to DNA damage we presently understand in the greatest
detail is E. coli. It will be extremely interesting in the future
to see how the strategies employed by other organisms in
responding to DNA damage resemble those of E. coli.

SOS-like responses. A number of bacteria have been
shown to induce physiological responses or new proteins or
both in response to agents such as UV which induce the SOS
response in E. coli. The list of such bacteria includes gram-
negative bacteria such as S. typhimurium, P. mirabilis (138,
139), H. influenzae (257), Bacteriodes fragilis (311), and
Rhizobium meliloti (V. Chang, J. H. Krueger, and G. C.
Walker, unpublished data) and gram-positive bacteria such
as Bacillus subtilis (98). Some of these bacteria appear to
have SOS systems which are quite closely related to that of
E. coli. For example, S. typhimurium appears to have a
LexA protein with virtually the same binding specificity as
that of E. coli, since the S. typhimurium uvrD gene is
regulated by LexA in E. coli and E. coli din-lac fusions are
inducible by UV if introduced into S. typhimurium (263).
The RecA protein of P. mirabilis is apparently quite closely
related to the E. coli RecA protein since it can carry out both
the recombinational and SOS-inducing functions of RecA if
introduced into E. coli (91). The RecE protein of B. subtilis
appears to have functional similarities to the E. coli RecA
protein and seems to regulate its own induction by UV (75).

Eucaryotic organisms also seem to have responses which
are induced by the same agents which introduce the SOS
system in E. coli. For example, by the use of lac gene fusions
constructed in vitro, it has been possible to show that
Saccharomyces cerevisiae has a set of genes which are
induced in response to DNA-damaging treatments (J. W.
Szostak and S. W. Ruby, personal communication). More-
over, a number of observations described in the literature
indicate that mammalian cells exhibit inducible responses to
DNA-damaging agents (36, 97, 168, 183, 187, 298). The p53
cellular tumor antigen of mouse cells can be induced by
treating nontransformed mouse cells with UV or a UV-
mimetic agent (W. Maltzman and L. Czyzk, personal com-
munication). Examination of the protein profiles on two-
dimensional gels of a mammalian cell line treated with BPDE
has revealed a subset of proteins induced against a back-
ground of changes due to cells ceasing to grow (M. E.
Lambert, J. Garrels, I. B. Weinstein, personal communica-
tion). The possible existence of such inducible regulatory
networks should probably be kept in mind while considering
the mode of action of chemical carcinogens. If such a
regulatory system were present in mammals, then exposure
of an animal to such an agent would not only damage DNA
and possibly cause mutations but also cause the induction of
new genes with functions not necessarily related to DNA
repair or mutagenesis or the induction of viruses.

Heat shock responses. The heat shock response seems to
have been conserved in evolution across the procaryote-
eucaryote boundary. In fact, the E. coli DnaK protein is
approximately 50% homologous to the Drosophila Hsp70
gene product, which in turn is homologous to a mammalian
heat shock protein and to a family of yeast gene products
(60). A wide variety of types of stress are known to induce
the heat shock response in other organisms so that it is
possible that certain DN A-damaging agents might be able to
induce the heat shock response in organisms besides E. coli.

Adaptive-like responses. The most characteristic activity of
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the adaptive response, the O%-alkylguanine-DNA alkyltrans-
ferase, has been identified in a number of different bacteria,
including S. typhimurium (128), B. subtilis (129, 245), and
Micrococcus luteus (S. Riazzuddin, quoted in reference
192). An adaptive response has been described in B. subtilis
which is extremely similar to that observed in E. coli (129,
245). Interestingly, S. typhimurium LT2 does not exhibit an
adaptive response even though it synthesizes low constitu-
tive levels of O%alkylguanine-DNA alkyltransferase. Since
the introduction of cloned E. coli ada genes into S. typhimur-
ium greatly increases its resistance to both the mutagenic
and killing effect of MNNG (P. K. LeMotte and G. C.
Walker, unpublished data), it seems possible that S. typhi-
murium LT2 may be a naturally occurring ada mutant.

An OS-alkylguanine-DNA alkyltransferase activity has
also been described in mammalian cells (16, 223, 264), and it
appears to be inducible in certain cell lines (339, 352). The
classification of cell lines as Mer* or Mer™ seems to reflect,
at least in part, the levels of O°-alkylguanine-DNA alkyl-
transferase (68, 95, 332, 352). In some respects, the differ-
ences between Mer™ cells and Mer™ cells are similar to the
differences between E. coli and S. typhimurium in their
responses to alkylating agents. In addition, an adaptive
response to methylating agents has been observed at a
physiological level in certain lines of mammalian cells.
Pretreatment of certain lines of Chinese hamster ovary cells
and human skin fibroblasts with low levels of MNNG
induced resistance to the mutagenic, cytotoxic, and sister
chromatid exchange-inducing effects of MNNG (154, 294,
313). It appears that the inducibility of O%-alkylguanine-
DNA alkyltransferase and other related repair enzymes
varies from species to species and from cell line to cell
line.

Mutagenesis and SOS processing. Considerations of the
mechanisms of chemical mutagenesis in eucaryotes have
become particularly relevant in light of the recent demon-
strations that particular oncogenes differ by a single base
pair change from their homologs in normal cells. Perhaps the
most important implication of the isolation of umuD and
umuC mutations in E. coli is that mutagenesis by UV and
other agents requires the active participation of cellular
functions. The existence of bacteria which seem to lack an
SOS processing system and hence are nonmutable has been
described above. Since the cells of many eucaryotic orga-
nisms, including humans, can be mutated by such agents,
there would seem to be a conceptual need to postulate the
participation of an analog of an SOS processing system in
these cells. Whether the processing required for mutagenesis
in eucaryotic cells is biochemically analogous to that which
takes place in E. coli cells is a question which one can
probably not begin to address until the mechanism of SOS
processing in E. coli is established.

Efforts to establish the presence of SOS-like processing
systems in other organisms have tended to focus on estab-
lishing the inducibility of such a system. Results such as to
those of Sarasin et al. (21, 298) suggest that such a system
may exist in mammalian cells. However, it should probably
be kept in mind in future work that the existence or
nonexistence of an SOS-like processing system for mutagen-
esis is a separate issue from the regulation of such a system.
One can imagine an organism in which an SOS-like process-
ing system would be constitutively expressed. Inducibility of
an SOS-like processing system can be a great help in the
experimental study of such a system, but it is not an essential
part of the concept that UV and chemical mutagenesis
require the active participation of cellular functions.
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